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SUGGESTIONS TO AUTHORS 


Papers should consist primarily in the presentation of the authors’ own 
original experimental work. Theoretical discussions ‘alone, or of disproportionate 


x. =>. 


ERRATA 


Canny, Mary J., Conway, E. J. & Kernan, R. P. (1959). 
J. Physiol. 148, 51-82. 


_p. 68 and p. 70: the curves shown in Fig. 6 should have 
appeared as Fig. 7, and vice versa. 
p. 75, l. 14: for “140 mm-Na’ read ‘104 mu-Na’. 
p. 81, 1. 2: for ‘10-9% read ‘109%’. 


Quiller-Couch’s The Art of Writing (especially the chapter on ‘jargon’) may be 
found helpful. Spellings should follow the Ozford English Dictionary. Roman 
and italic words and contractions both English and foreign are to be found 
in Collins’s Authors’ and Printers’ Dictionary. 

Before submitting a manuscript for publication, it is nearly always valuable 
to ask someone not acquainted in detail with the work to criticize it. The 
interval between receipt of a paper and its publication will be shortened by 
careful attention to the instructions below. 


ARRANGEMENT 


Papers in recent numbers of The Journal of Physiology should be studied both 
_ for the general manner of presentation and for detail. Except in special — 
circumstances the paper should be subdivided into: 


(1) Introduction, (5) Summary, 
(2) Methods, (6) Acknowledgements, 
(3) Results, (7) References. 


(4) Discussion and inferences, 


e The introduction should make clear the object of the research. Reference 
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J. Physiol. (1960), 150, pp. 1-33 1 
Printed in Great Britain 


SUGGESTIONS TO AUTHORS 


Papers should consist primarily in the presentation of the authors’ own 
original experimental work. Theoretical discussions alone, or of disproportionate 
length, are not in general accepted. Papers should be as brief as possible in 
order to reduce editorial work, limit the cost of printing, lighten the burden of 
the reader, and accelerate publication. Excessive brevity is more easily mended 
than prolixity. 

The reader needs to know not only the results and conclusions of the research 
but also the degree of reliance that can be placed on them. The author should 
give sufficient evidence to indicate the precision of methods and adequacy of 
controls, 

It is important to remember that a reader is often influenced by literary style, 
and the author in his own interest should take pains to convey his meaning as 
simply and accurately as possible. Care should be taken in the choice of words 
and their placing in the sentence, as well as in the sequence and linkage of 
sentences. The first person should not be used repeatedly, but its use is some- 
times permissible if an awkward periphrasis is thereby avoided. The term ‘we’ 
should not be used by a sole author. Sir Ernest Gowers’s Plain Words and 
ABC of Plain Words, H. W. Fowler’s Modern English Usage and Sir Arthur 
Quiller-Couch’s The Art of Writing (especially the chapter on ‘jargon’) may be 
found helpful. Spellings should follow the Ozford English Dictionary. Roman 
and italic words and contractions both English and foreign are to be found 
in Collins’s Authors’ and Printers’ Dictionary. 

Before submitting a manuscript for publication, it is nearly always valuable 
to ask someone not acquainted in detail with the work to criticize it. The 
interval between receipt of a paper and its publication will be shortened by 
careful attention to the instructions below. . 


ARRANGEMENT 


een in recent numbers of The Journal of Physiology should be studied both 
for the general manner of presentation and for detail. Except in special 
circumstances the paper should be subdivided into: 


(1) Introduction, (5) Summary, — 
(2) Methods, (6) Acknowledgements, 
(3) Results, 1) References. 


(4) Discussion and inferences, 


” The introduction should make clear the object of the research. Reference 
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2 SUGGESTIONS TO AUTHORS 


to previous work is desirable only if it has a direct bearing on the subject of the 
paper; an extensive historical review is seldom necessary. 


(2) Methods need description once only. Sufficient detail should be given to 


allow the work to be repeated by others. 

(3) As a rule the results are best given in words. Large numerical tables 

from which the reader himself is expected to draw conclusions should be 

avoided. One or a few graphs may simplify the reader’s task. Experiments 
_which are essentially similar to the leading ones in nature and result should not 
be described in detail, though it is important to mention that they have been 
done. The precision to be attached to numerical values should be given when 
possible. Theory and deduction must be clearly distinguished from what has 
actually been observed, and, if possible, should not be elaborated in this 
section. 

(4) A discussion follows the statement of results and is kept separate from 
it. In this section clarity of expression is particularly important, and the 
assumptions made in reaching deductions froni the experimental results must 
be stated. The discussion should not merely recapitulate the results. 

(5) The summary should be arranged in short numbered paragraphs and 
should not be longer than one-twentieth of the text. It must not contain any- 
thing that is not included in the body of the paper. The summary may be used 
as it stands by contributors to abstracting journals. It should therefore contain 
a succinct account of the problem in hand, the method and materials, results 
and conclusions. 

(6) Acknowledgements, which will be printed in small type, should be 
reduced to the minimum compatible with the requirements of courtesy. 

(7) The paper is completed by an alphabetical list of the papers and books 
which have been referred to in the text. Details of the form in which the 
references should be given will be found on pp. 7-9. 

(8) An abstract suitable for inclusion in International Abstracts of Biological 
Sciences is also required. Instructions for its preparation are given on p. i of 
each issue of the Journal. 


PREPARATION OF MANUSCRIPT 


oe sent for publication must be typewritten, with double spacing and 
wide left-hand margins, on sheets of uniform size, e.g. all foolscap or all quarto. 
The top copy of the typescript should be sent for the printer. Papers should be 
carefully corrected and as nearly ready for press as possible before submission. 
Insertions should be few and legible. Papers and illustrations must whenever 
possible be packed flat. 
Title | 

The title is to be typed on a separate sheet. The name of the author follows, 

together with any necessary description, e.g. Beit Memorial Research Fellow. 
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SUGGESTIONS TO AUTHORS 3 


When there are several authors their names will be printed in alphabetical order. 
An authoress should give one Christian name to indicate her sex. The name of 
the laboratory and its address complete the title. Any instructions with regard 
to dispatch of proofs should also be typed on the title, sheet. 

A short title also is needed, to be printed at the head of the right-hand pages 
in the Journal, Authors are asked to supply the short title; it must not exceed 
43 letters +spaces, and should be less if possible. 

The Editors will not accept a series of papers with the same main title, e.g 
‘Studies in..., Part I (II, III,...)’. Each paper must have its own title. 


Instructions to the printer 


The section headed ‘Methods’ will normally be printed in small type. This 
section, and any other matter to be so treated, is to be marked by a vertical line 
in the left-hand margin. Words (usually headings) to be printed in italics are 
indicated by one underline. Two underlines indicate sMALL CAPITALS, three 
indicate LARGE CAPITALS. The author should mark the desired positions 


of tables and figures, and should do so by writing instructions enclosed within 
lines and brackets, e.g. | 


(Table 3 near here) or (Fig. 4 near here) 
| Headings in the teat 


Six grades of headings and subheadings may be used in The Journal of 
Physiology, but in general they are restricted to four. The possible grades are 
as follows: | 


PARI I... (Capitals) 
2. RESULTS (Small capitals) 
The normal intestine (l.c. roman) 
4, The action of drugs (Italics, ceritre) 
5. Histamine (Italics, full out) 
6.  Peristalsis. This type of movement... (Italics, indent) 


The usual headings required are 2, 4 and 6. If further subdivision is needed 
within one of the main sections, No. 5 should be used as well. Recent numbers 
of the Journal should be consulted for further examples of the customary use 
of headings. Note that no full stops are required after headings except those 
in grade 6. eee 

Tables 
Tables are expensive to print and should be as few as possible. They should be 


typed double-spaced on separate numbered sheets and referred to in the text by 
1-2 
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rl SUGGESTIONS TO AUTHORS 


arabic numerals, e.g. Table 3. The expression ‘the following table’ should be 

avoided. Each table should have its own self-explanatory heading, which is 
_ generally printed in roman type and should therefore not be underlined. The 
same data should not normally be presented in both tabular and graphical 


Blood flow (ml./min) 
8&8 $ 


Time after injection (min) 


Fig. 1. A specimen figure as it would appear in 7'he Journal of Physiology. Figs. 2 
and 3 show how the original should be drawn to produce this result. The lettering has 
been inserted by the printer. 

This figure also shows the customary manner of indicating the units and the scales 
of the axes, 3 


Fig. 2. Part of Fig. 1 as it should be drawn by the author for reduction to one-half size, 
Lettering would be in pencil. 


forms. Tables should be so arranged that they can be printed without dividing 
lines: ‘ditto’ signs are not used. In preparing tables the list of standard abbre- 
viations should be consulted. The units in which the results are expressed, 
e.g. g/100 ml., should be given in brackets at the top of each column, and not 
repeated on each line of the table. Long descriptive headings to columns should 
be avoided. | | 
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Illustrations 


Illustrations are reproduced by photographic engravers and should therefore 
be separable from the text. Reference to them in the text should be given as 
follows: Pl. 3; Pl. 3, fig. 2; Fig. 3; Text-fig. 3. The last form is used only when 
the paper contains both figures in the text and plates. 

Each illustration should bear on the back the proper reference number and 
the author's name: if there is any chance of confusion, e.g. when two papers are 
submitted together, the title of the paper should be added. 

Ilustrations from line drawings or tracings are often clearer and always less 
costly than half-tones from photographs. Line drawings in Indian ink on 
Bristol board are excellent for reproduction. They should be about twice as 
large as their intended final size, and should be presented separately on sheets. 


not larger than foolscap size (21 x 32 cm; 8{ x13 in.). In the original, the lines 


must be thick enough to allow for reduction, as shown in Figs. 1-3. Lettering on 


4 
Fig. 3. Part of Fig. 1 as it should be drawn by the author for reduction to one-third size, 
Lettering would be in pencil. 


drawings should be in pencil so that expert draughtsmen can insert suitable 
letters, The exact position of lettering should be indicated, and care must be 
taken that the symbols agree with those used in the text. Illustrations cannot 
easily be altered in proof stage. Graphs should be drawn on plain paper, tracing 
paper, Bristol board, or blue-lined paper; paper with lines printed in any colour 
other than blue should not be used. Symbols which are to appear in the legend © 


should be chosen from the following, which are available as type: 


x 


Kymograph records should include appropriate scales as far as possible. 
Large black areas which are not needed should be cutaway. Letters and numbers ) 
on kymograph records should be large enough to allow for photographic reduc- 
tion, They are often, however, best left for the engraver to msert. 
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6 SUGGESTIONS TO AUTHORS 


Half-tone reproductions lose some of the contrast and definition of the original. 
Hence the original should be excellent in these respects or, if not, it should be 
strengthened by an intensifier or copied by means of process plates. Ifa record 
or photograph is retouched, this must be stated in the legend. 

Difficulties may occur in reproduction 

(a) when graphite pencil has been used in retouching; the shiny surface may 
reflect light so that what should be ‘black’ is reproduced ‘white’; 

(b) with ink-written (e.g. manometer) tracings on coloured paper; 

(c) where the actual trace in oscilloscope or similar records is surrounded by 
a ‘penumbra’, which in the print may obscure the trace itself. Shading caused 
by scatter of light should be removed, e.g. by covering with Chinese white, by 
gas-light paper reproduction, etc. 

The half-tone process will sometimes afford a way round this trouble, though 
at extra expense and usually with some sacrifice of detail. 

- Legends or captions should be typed separately from the illustrations. It is 
of assistance to the printer if they are each typed double-spaced at the foot of 
a separate standard-sized sheet and appropriately numbered. Magnifications, 
especially in photomicrographs, should be indicated by a scale on the photo- | 
graph itself, since a magnification stated in the sogend will become inappropriate 
if the photograph is reduced. 

Figures should be comprehensible without reference to the text. If the same 
_.arrangement or symbols are used in several figures it may, however, be per- 
missible to describe them in detail once only, and subsequently to refer to the 
original legend. 

The original drawings should always be sent for making the blocks, but it is 
very helpful if authors also provide photographic copies of the figures with 
lettering added in ink and with duplicate legends attached, both for use by 
editors and referees and to indicate the position of lettering to be inserted by 
the Press. Photographic copies must be provided when the originals exceed 
foolscap size. 

Quotations. In quotations use single quotes, i.e.‘ ’ and not“ ”. 

Footnotes. Footnotes are expensive and tiresome; ates are best avoided. 


Proofs 


Proofs are sent to authors in order that they may correct mistakes in printing 
and not that they may add new material. If they do add new material there is 
_ ‘risk of delay in publication, and increased printing charges to the Society are 

inevitable. Excessive alteration may have to be disallowed or charged to the | 
author. It is therefore important that the original typescript should be as free — 
as possible from errors. If, however, alteration in the middle of a paragraph is 
unavoidable, the insertion should be arranged to fit neatly without upsetting 
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SUGGESTIONS TO AUTHORS 7 


neighbouring lines of unoffending type. Should some amplification or correc- 
tion become necessary when the paper has already reached proof stage, it is 
often better to add a note at the end of the paper, headed ‘Note added in proof’, 
rather than to make extensive insertions and alterations in the text. 

Proofs should always be corrected and returned promptly. Unless other- 
wise directed, proofs are sent to the author whose name is first alphabetically, — 
at the address from which the paper originates, If the author wishes the 
proofs to be sent to any other person or any other address instructions 
should be given. When postal delays are likely to occur, authors residing in 
other countries may nominate someone in Great Britain who would be willing 


_to correct the proofs. Papers from such contributors should be accompanied 


by a statement of the number of reprints required. 

Authors are recommended to read R. W. Chapman’s essay ‘Author and 
Printer’ in Collins’s Authors’ and Printers’ Dictionary. For signs used in proof 
correction, see pp. 18-19. “O.K.’ may be ambiguous. 


REFERENCES 


he the text, elaine to other writings are made by giving in brackets the name 
of the author and the year of publication, e.g. (Hill, 1938), except when the 
author’s name is part of the sentence, e.g. ‘ Hill (1938) showed that. ..’. When 
a paper written by two authors is quoted, both names are given, the ampersand 
(&) being used in place of ‘and’, e.g. Fletcher & Hopkins (1907). If there are 
more than two authors all names should be given when cited for the first time, 
and thereafter the first name only, adding ‘et al.” When several papers are 
referred to in the same bracket, those by the same author should be separated 
by commas and those by different authors should be separated by semicolons, 
e.g. (Fletcher & Hopkins, 1907; Hill, 1938, 1949a, b). Unpublished material 
may be referred to sparingly in the text by giving the author’s name followed 
by ‘unpublished’ or ‘personal communication’, and should not appear in the 
list of references. Authors are requested to verify that the wording of references | 
to unpublished work and of acknowledgements of help or criticism is approved 
by the persons concerned. 
References should he brought together at the end of the paper, double-spaced 
and in alphabetical order, each giving: 
Name(s), followed by initial(s), of author(s). 
Year of publication in brackets. When the publication of a volume is 
spread over more than one year, give, if possible, the publication year of 
- the article in question. If several papers by the same authors in one year 
are cited, a, b, c, etc. are placed after the year of publication. 
Full title of article. 
Journal’s title, abbreviated in accordance with the list on pp. 20-33 
and underlined to indicate italics. 
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SUGGESTIONS TO AUTHORS 


Volume number in arabic numerals underlined with a wavy line to 
indicate heavy type, without prefix ‘vol.’ 

The numbers of the first and last pages in arabic numerals, without 
prefix ‘p’. Volume and page numbers should be replaced by the phrase 
‘in the Press’ in the case of a paper accepted for publication by a journal — 
but not yet printed. 

Thus, references should appear in the typescript as shown in Fig. 4, and will 
be printed in the following form: 

Fusrcnrs, W. M. & Horxms, F. G. (1907). Lactic acid in amphibian muscle. J. Physiol. 35, 
Ps A. es ‘ew g The heat. of shortening and the dynamic constants of muscle. Proc. Roy. Soc. 
B, 126, 136-195 


Huu, A. V. (19494). The absence of lengthening during relaxation in a completely unloaded 
muscle, J. Physiol. 109, 8-9 P. 


Hn, A. V. (19496). The energetics of relaxation in a muscle twitch. Proc. Roy. Soc. B, 136, 
211-219. 


REFERENC ES 


Fletcher, W.M. & Hopkins, F.G. (1907). lactic acid in 
amphibian muscle. J. Physio «35s 247=309. 

Hill, A.V. (1938). The heat of shortening and the dynamic 
constants of mscle, Proc. Roy. Soc. B, 126, 136-195. 

Hill, A.V. (1949a). ‘The absence of lengthening during 
relaxation in a completely unloaded muscle. 
J. Physiol. 1095 8-9P. 

Hill, A.V. (1949b), ‘The energetics of relaxation in a 


miscle twitch. Proc. Roy. Soc. B, 136, 211-219. 


Fig. 4. A specimen list of references, correctly typed for submission to 7'he Journal of 
Physiology. The same list is printed on this page as it would appear in the Journal. 
Titles of books, and the abbreviated names of periodicals, are underlined singly to 
indicate italics. Volume numbers are given a wavy under-line to indicate heavy 
_ type. Authors’ names will be printed in capitals and small capitals without special 
indication on the type-script. 


When reference is made to a book, the title should be underlined; the edition 
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SUGGESTIONS TO AUTHORS 9 


(ed.), volume number (vol.) and page (p. or pp.) should be given, followed by 
the town of origin and the publisher, thus: | 


Srantine, EB. H. (1915). Principles of Human Physiology, 2nd ed. p. 184. London: Churchill. 


If the book is by more than one author, reference should be made to that 
part and that author concerned, thus: 


Gopparp, D. R. (1945). The respiration of cells and tissues. In Hészr, R., Physical Chemistry 
Cells and Tissues. Philadelphia: Blakiston; London: Churchill. a q 


Crane, E, E. (1950). Bioelectric potentials, their maintenance and function. In Progress in 
Biophysics, vol. 1, ed. Buttzr, J. A. V. & Ranpatx, J. T. London: Butterworth-Springer. 
When particular parts, fascicles or numbers, with roman numerals or other 


system not here used, need reference, ordinary abbreviations should be used, 
thus: 


Heemann, L. (1879). Handbuch der Physiologie, Band 2, Theil 1, p. 171. Leipzig: Vogel. 


On the rare occasions when it is necessary to refer to an author at second hand, 
the reference should appear in the following form: 


Herina, E. (1915). Das Purkinjesche Phinomen im zentralen Bezirke des Sehfeldes. v. Graefes 
Arch, Ophthal. 90, 1. Cited by Hecurt, 8. in Physiol. Rev. 1937, 17, 239-290. 


or 


MoGrapy, E., Jr. (1944), Evolution and significance of germ layers. J. T'enn. Acad. Sci. 19, 240- 
251. Cited in Brit. Abstr. AIII, 1945, 150. 


In a reference to a publication which covers a specific period but which may 
be issued in a later year, the year of issue should follow the author’s name, and 
the year covered by the volume should be placed after the title of the journal: 
saape oo km The use of Lugol’s iodine in exophthalmic goitre. St T'hom. Hosp. Rep, 1925, 


Attention should be paid to the customary punctuation in the list of references. 


MATHEMATICAL NOTATION 


The rules laid down for mathematical notation and numerals in Proceedings of 
the Royal Society; A, 1909, 82, 14-17, should be followed. 

The symbols conventionally used to denote particular quantities are given 
in the Report of the Symbols Committee of the Royal Society, 1951. Some of 
the more commonly used symbols are listed on p. 14. : 

When letters of the Latin alphabet are used as symbols for physical quantities 
or variables, they are printed in italic type, e.g. g (acceleration due to gravity), 
V (potential difference). Roman type is used for letters denoting (1) names of 
units, e.g. g (gram), V (volt); (2) purely mathematical constants and operations, 
e.g. e (base of natural logarithms), d/dx (differential coefficient with respect 
to z); (3) chemical elements. | | 
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10 SUGGESTIONS TO AUTHORS 


A numeral should not, in general, be used to begin a sentence, but numerals 
may be used in the text as abbreviations for specific quantities. It is, however, 
permissible to use numerals at the beginning of a sentence when they refer to 
a number of units which are themselves expressed in an abbreviated form, e.g. 
‘10 ml.’, but ‘Twenty animals’; not ‘Ten ml.’, nor ‘20 animals’. Numbers 
above 100 are preferably given as numerals in all circumstances, but it is 
advisable not to begin a sentence in this way. 

Fractions and ratios should be written 1/100, not +45. Such common fractions 
as $, }, etc. are, however, permissible. As far as possible, the decimal system 
should be used to indicate fractions. The decimal point must always be pre- 
ceded by a figure, 0 being prefixed if necessary, e.g. 0-1 must be written, never 
‘1. In a column of numbers containing decimal fractions the decimal points 
should always be arranged in the same vertical line. The metric equivalent 
should be added whenever units of another system (e.g. {_et, pounds) are 
employed. 

The solidus (/) is normally used in place of ‘per’ in expressing units, e.g. 
cm/sec, not cm per sec, for a velocity. Ambiguity may result if more than one 
solidus is used, as in V/cm/sec for a rate of change of voltage gradient; this can be 
interpreted as volts per (cm/sec) instead of (V/cm) per second. It would be cor- 
rect to write V/cm .sec, or negative indices may be employed, e.g. V.cm™.sec™?. 
The two conventions should not be mixed (V.cm™4/sec). Occasionally it is 
better to retain “per’; e.g. ‘(V/cm) per second’. Abbreviations are not normally 
used after ‘per’. 

When a mean is given together with a measure of variation, it is ccientia) to 
indicate what measure is intended. Thus 7-1 + 0:23 may be taken to imply either 
that 0-23 is the standard error of the estimated mean (s.z. of mean), or that 
it is the standard deviation of individual observations about the mean iat of 
an observation). 


CHEMICAL NOMENCLATURE 


In general, the conventions in chemical nomenclature adopted by the Chemical 
Society and the Biochemical Society should be followed. These are described in 
Proc. Chem. Soc., 1959, 4-5, and in Biochem. J., 1957, 66, 1-16. New abbrevia- 
tions should be coined only for unwieldy names, and should not be used at all 
unless those names occur frequently. All abbreviations must be defined at first 
mention, and must be avoided in the Summary. | | 
(1) Chemical formulae should be written as far as possible on a single hori- 
zontal line. With inorganic substances, formulae may be used, at the discretion 
of the editors, wherever their interpretation is clear. With salts, it must be 
stated whether or not anhydrous material is used, e.g. anhyd. CuSO,, or which 
of the different crystalline forms is indicated, e.g. CuSO,.5H,O, or CuSO,.H,0. 
(2) Solutions of common acids, bases and salts are preferably defined in 
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terms of normality (N) or molarity (m), e.g. n-HCl; 0-1 M-NaH,PO,. The 
term “%’ must be used in its correct sense, i.e. g/100 g of solution. 10% HCl 
means 10 g of hydrogen chloride in 100 g of aqueous solution, and should 
never be used to indicate a ten times dilution of laboratory concentrated hydro- 
chloric acid. For “per cent by volume’, i.e. ml./100 ml., the term ‘% (v/v)’ 
may be employed. To indicate that a given weight of substance is contained in 
100 ml. of solution, the expression ‘x g/100 ml.’ is preferred to ‘x g % (w/v)’. 

(3) Such terms as acid sodium phosphate should be avoided. Salts of acids 
containing more than one replaceable hydrogen atom should be described by 
naming the actual cations, e.g. sodium dihydrogen phosphate and disodium 
hydrogen phosphate. | i 

(4) The termination ime, and not in, should be reserved for bases, e.g. 
adrenaline, choline, atropine, etc. The termination in is used for certain neutral 
substances, e.g. dextrin, pepsin, albumin, etc. 

_ (5) Most of the amino acids follow rule (4): e.g. leucine, glycine, thyroxine, 
etc. Tryptophan does not have a final e, since ane is the termination reserved 
for saturated hydrocarbons, e.g. methane. 

(6) All alcohols should have names ending in ol not tte or ine, e.g. glycerol » 
(when used as a chemical term), mannitol, etc. Compounds which are not 
alcohols, but which are commonly given names ending in ol, should be spelt 
with a terminal ¢, e.g. indole, iminazole, pyrrole, etc. Alcohols should be given 


their specific names, e.g. methanol, ethanol, etc. 


(7) Fatty substances are lipids (adjective lipoid). 
(8) The atomic weight of radioactive and other isotopes is indicated by 


a superscript on the left of the symbol denoting the element, e.g. **P. 


(9) Nomenclature of drugs. The names used for drugs should be the English 
(not Latin) titles of the current British Pharmacopoeia, or its Addenda. For 
substances not mentioned in these books the names given in the British 
Pharmaceutical Codex should be used. For recently introduced drugs ‘Approved 
Names’, lists of which are published from time to time by the General Medical 
Council, should be employed, Where only a proprietary name is available, the 
manufacturer’s name and the actual chemical composition of the drug should ~ 
be given in brackets after the first mention of such name. | 

(10) A dose is singular: ‘5 ml. H,O was added’. Normally the dose follows 
the name of the substance: ‘atropine 20 pg’. When the solidus is used the name 
must be written on the correct side: ‘atropine 20 pg/kg’ (or “20 ug atropine/kg’), 
NoT *20 ug/kg atropine’. | 

(11) Ringer’s solution and its variants. The composition of the particular 
solution used should be given. Such terms as ‘normal saline’ and ‘saline’ 


‘should be avoided as a first reference. 
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12 SUGGESTIONS TO AUTHORS 


BIOLOGICAL NOMENCLATURE 


When the true form of Latin names of animals or plants is used, it should begin 
with a capital letter. When used as an adjective, or in any other form, the word 
should begin with a lower-case letter, e.g. Protozoa, but protozoan; Mammalia, 
but mammals and mammalian. 

Generic and specific names should be underlined (i.e. in italics). The specific 
epithet or trivial name of an animal should begin with a lower-case letter. 

Names of muscles, bones, etc. should be in roman type (i.e. not italics). 
Adrenal is preferable to suprarenal. Care should be taken in the use of such 
words as dorsal, ventral, caudal, proximal, distal, anterior and posterior. 


GENERAL 


Avoid ambiguous multiple adjectives. “High climbing rate’ might mean 
(a) ‘high rate of climbing’ or (6) ‘rate of high climbing’; the expanded phrase, 
using ‘of’, is preferable. 

Be careful when using such phrases as ‘24 times increase’ to make it clear 
whether the result is 24 or 34 times the original. ‘-fold’ is somewhat archaic; 
it should not be used with numerals or decimals. It is permissible with small 
numbers, e.g. ‘fourfold’ (no hyphen; ‘twofold’ generally means ‘of two kinds’); 
with large numbers, it tends to suggest ‘a round number’ rather than precision. 


Words and meanings shown as ‘rare’ or ‘obsolete’ should not be used. New © 


forms should not be invented (especially by mixing Greek and Latin) when 
established words express the meaning. Nouns such as ‘synapse’, ‘lesion’, 
should not be used as verbs. ‘While’ should not be used of events not simul- 
taneous. ‘to section’ = to divide into several sections, as with a microtome. 
‘data’ (pl.) does not mean ‘results’; ‘localize’ does Not mean ‘locate’; 


my = ‘millimicron’, nano (n) = 10°. M means ‘molar’ Not ‘mole’; m/l. is | 


incorrect. 


Fry bel 


+ 
+ 
~ 
- 
- 
af 
a 
> 
4 
A 
Se 
a 
f 
5 


in 
rd 


a, 


fic 


3). 
ch 


SUGGESTIONS TO AUTHORS 13 


PHOTOMETRIC TERMS AND UNITS 


For exact definitions of the terms authors may consult Pamphlet 233 (1953) 
Glossary of terms used in illumination and photometry issued by the British 
Standards Institution. For physiological aspects of photometry Y. le Grand’s 
Light, Colour and Vision (Chapman & Hall, 1957) will be found very helpful. 
The modern trend in photometry is to avoid an enormous diversity of units, 
and usually to employ the candela or the lumen, combined with units of length. 


Unit of luminous intensity — Candela (cd) 
This replaces the old standard candle. 
Unit of luminous flux Lumen (Im) 


This is the flux emitted in unit solid angle of 1 steradian by a 
point source having a uniform intensity of 1 cd. 
Unit of illumination lm/m? 
This can be specified as the number of lumens falling on unit 
area of a surface. Conversion table: 
1 metre-candle = 1 lm/m? 
1 lux = 1 lm/m? 
1 phot = 10,000 lm/m? 
1 foot-candle = 10-76 lm/m? 
Unit of luminance cd/m? 
The luminance of a surface which obeys Lambert’s Law and 
emits 1 lm from every square metre is (1/7) cd/m?. Conversion 
table: 
1 unit = 1 cd/m? 
1 candle/sq. ft. = 10-76 cd/m? 
1 millilambert = 3-18 cd/m? 
1 foot-lambert = 3-43 cd/m? 
1 equivalent foot-candle = 3-43 cd/m? 
| Unit of retinal illumination in man Troland (td) 
This is the retinal illumination when a luminance of 1 cd/m? is 
seen through a pupil of area 1 mm?. For light of wave-length 
555 my, taking transmission losses into account: 
1 td = 0-002 lm/m? 
= 10’ 
approximately 
Retinal illumination in animals should be expressed in lm/m? for 
white light, or in quanta.sec-.mm~* at a specified wave-length. 
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14 SUGGESTIONS TO AUTHORS 


SOME RECOMMENDED ABBREVIATIONS AND SYMBOLS 


In abbreviations for units no difference is made between 

40 min or 24 hr, except in cases noted below. § 

@ full stop except for British units and cases where 
distinguishing from num 


About 
Absolute 
Acetylcholine 


Adrenocorticotrophic hormone 


Ampere 
standard of purity 
Angstrém unit 

ydrous 
Ante-meridiem 
Approximately 
Atmosphere (pressure) 
Atomic weight 


Basal metabolic rate 


Bivalent, trivalent, etc., e.g. bi- 


valent iron 
Blood pressure 


Boiling-point 
British Pharmacopoeia 
British Thermal Unit 


Calculated (in table headings) 
Calorie (gram calorie) 

Calorie, large (kilocalorie) 
Candela 


Centimetre, square centimetre 


Centimetre gram second 
Centimetres per second 
Central nervous system 
Cerebrospinal fluid 
Change per 10° C rise 
Coefficient 


but cubic centimetre 
cubic metre 


Curie 
Current density 
Cycles per second 


Decibel 
Degrees absolute 

Degrees centigrade 
Degrees Fanrenheit 
Dextro- (optical rotation) 
Dextro- (configuration) 


3:4-dihydroxyphenylalanine 


Dioptre 
Direct-coupled 
Direct current 


Dissociation negative 


logarithm 
Distilled 


Dyne 


Electrocardiogram 
Electroencephalogram 
Electromotive force 
Electron volt 
Electroretinogram 
End-plate potential 
Equation 
Equivalent {weight) 
Experiment 
but Experiment 4 


Farad 

Feet per second 
Figure (illustration) 
Foot, feet 
Foot-pound 
Freezing-point 
y-aminobut acid 
Geiger-Mii 

Giga- ( x 10°), 

Glomerular filtration rate 


Gravity, acceleration due to 


Haemoglobin 

Height 

Henry 

High frequency 
Horse-power 

Hour 

Hydrogen-ion concentration 
Hydrogen-ion concentration, 


sien logarithm of 
xytryptamine 


‘Inch 


Infra-red 


singular and plural, e.g. 1 min and 
bols ae units are printed without 

ee might result, e.g. 1. (litre), 
e 


a ca. (not c.) DOPA 
DFP 
dil. 
@ ic acid ADP D 
3 ATP DC 
a ACTH d.o, 
E A dist. 
anhyd. dyn 
a.m. 
approx. €.C.g. | 
atm €.€.g. 
at.wt. e.m.f. 
B.M.R. 
Fe** @.p.p. 
eqn. 
B.P. equiv 
b.p. expt. 
date) P 
B.TH.U. 
F 
calc. ft./sec 
cal Fi 
ig. (Figs.) 
kcal f 
od t. 
2 ft. Lb. 
cm 
C.g.8. 
cm/sec 
O.N.S. 
c.s.f, 
Qro G 
coeff. . G.F.R. 
Concentrated conc, Grain gr. 
Concentration concn. Gram 
Constant const. Gram-calorie cal 
| Corrected corr. Gram-ion 
Crystalline, crystallized cryst. g 
Cubic cu. 
c.c, (ml. Hb 
preferred) ht. 
| m* H 
c.d. h.p. 
[H*) a 
in, 


7s.) 
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Insoluble . 
International unit 
Intra-arterial 
Intravenous 

Ion, e.g. sodium ion, sulphate ion 


Joule 


Kilo- ( x 10°), e.g. kilogram 
Kilocalorie 
Kilowatt-hour 


Laevo- (optical rotation) 
Laevo- (configuration) 
Liquid 

h base 
Logarithm to e 
Logarithm to base 10 


rithm, when not = as a 


mathematical symbo 
Low frequency 
Lumen 


Maximal tubular reabsorption 
Maximum 

Mega- ( x 10°) 

Megacycles per second 
Megohm 

Melting-point 

Meta- 


Metre 
Micro- ( x 10~*), e.g. microgram 
. 0,/mg dry wt./hr 


icron (10-*m) 


Milli- (x 10-*), e.g. milligram 


Milli-equivalent 
Millimicron 

Millimolar (concentration) 
Millimole, -osmole 


Minute 

Molal (concentration) 

Molar (concentration) 

Molar, with chemical formula 
Molecular weight 


Nano- ( x 10-*) 
National Physical Laboratory 
Normal (concentration) 


Normal, with chemical formula 


Number 
but Number 4 


Observed (in table headings) 
Ohm 
Ortho- 


P age, pages 
Para- 


insol. 

LA. 

Nat, 80,?- 
J 


kg 


no. 
No. 4(Nos.) 


Obs. 


P-» PP. 
P- 


Partial pressure, e.g. of O, 
Per (e.g. metres per second) 
Per cent 
Pico- x 10-1), e.g. picofarad 
Plate (illustration) . 

oise 
Post-meridiem 
Potential difference 
Pound (mass) 
Pound (force) 
Pounds per square inch 
Precipitate (noun) 
Probability 


Red blood corpuscle 

Relative band speed (chromato- 
graphy) 

Relative humidity 

Resistance-capacity (coupled) 

Respiratory quotient 

Revolutions per minute 

Réntgen unit 

Root mean square 


Second (unit of time) 
Secon 


Soluble 

Solution (table heads only) 
Specific gravity 

Specific heat 

Spinal segments 

Square, e.g. square inch 


but square centimetre 


Standard deviation (about mean) 


Standard error (of a mean) 


Standard temperature and pres- 


sure 
Standard wire gauge 


Temperature 

Tera- ( x 10!) 
Tertiary 

Tetraethyl ammonium 
Troland 


Ultra-violet 
Unit 


Vapour density 
Vapour pressure 
Velocity 

Volt 

Volume 


Watt 
Weight 


Yard 
Year 


r.h. 
RC 
R.Q. 
rev/min 


s.D. of an 
observation 
8.5. of mean 
8.t.p. 


8.W.G. 


15 4 
po, 
% 
e.g. pF a 
&.g. 
Pi. (Pls. 
P 
p.m. 
kWh Lb./sq.in. 
pt. 
(-)- P 
L- 
liq. 
l, R 
In 3 
log. 
r.m.8. 
Tm 
max. sec 
M 8eC.- 
Mc/s sol. 
MQ Soln. 4 
m.p. sp.gr. 
m- sp.ht. | 
pg sq. (e.g. 
(not y) sq.in.) 4 
Qo, om! 
m, mg 
= 
mM 
| 
-osmole 
Milliunit m-u. temp. | 
Minimum min, T | 
min tert.- 
m TEA 4 
M td q 
M- 
mol. wt. U.Y. 
N V.p. 
N- vel, 
: 
vol, 
= wt 
yd. 4 
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SYMBOLS NORMALLY USED TO DENOTE PARTICULAR 
QUANTITIES 


These symbols are in accordance with the recommendations in the 


rt of the Symbols 


Committee of the Royal Society (1951). Note that all letters of og rh alphabet are 
prin 


ted in itali 


Acceleration 
Activity 

Activity coefficient 
Admittance 

Area 


Avogadro’s number 
Boltzmann's constant 
Capacitance 
Charge (electric) 

Charge of electron 

Chemical potential 
Conductance 

Conductance, equivalent 
Conductivity 

Conductivity (electrochemistry) 
Current (electric) 

Degree of dissociation 
Density 

Diameter 

Diffusion coefficient 
Electrokinetic potential 
Electromotive force 
Equilibrium constant 
Faraday’s constant 
Force 

Frequency 

Gas constant per mole 
Gravitational acceleration 
Height 

Impedance 
Inductance 
Intensity (light) 


RECOMMENDED SPELLINGS FOR 


A priori (italic type) 
After-effect 


Blood i clot, pressure (but blood-pressure 
re 

Body weight 

Break- down (n), break down (v) 

Breath-holdi 


cs. 


Ionic strength 
Length 


Mass 

Molar extinction coefficient 
Molecular weight 

No. of molecules 

Number of moles 

Osmotic pressure 


eriod 
Potential; potential difference (electric) 
Pressure 


Radius 

Reactance 

Reflexion factor 

Refractive index 

Resistance (electrical) 

Resistivity 

Surface density of electric charge 
Temperature (empirical) 
absolute 


— (light) 


Viens 
Volume 


Wave-length 


Wave number 


FE 
e 


COMMONLY USED WORDS, ETC. 


used 
_ Forearm, forefoot, forelimb 


Valency 

4 Velocity 

Velocity, angular 

| 
Cation 

Co-enzyme 
| . Connexion 
Airtight Co-ordinate 
Amino acid Costocervical 
Cotton-wool 
Arteriovenous Cover-slip 
Artifact Cross-section (n) 

Axon Debris 
Band width Deoxy- 
Deflexion 
Disk 

End-point, -plate 

Enzymic 

Egg white 

Evans Blue 

Bromsulphalein Filter paper 

* Caesarean (cap. C) Flowmeter 

Callipers 

Candela 


C. 


Fresh water (but fresh-water environ- 


In situ, in vitro, ete. (italic type) 
iontophoresis 
Isoelectric 


Micro-el 


New-born 
Non-homogeneous ‘in-h.’) 
Non-myelinated (not un-) | 


Over-active, -i 

Over-all (adj.), overalls (n. 
Pace-maker 

Per se (italic type) 


Post-ganglionic, -operative, 
Post mortem (Roman type, but at post- 
mortem ’) 
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Sea water (but sea-water edema 
nse organ 

Side arm 

Soda-lime 

Solutions: Krebs’s, Locke’s, Ringer’s, Tyrode 

Spinothalamic 

Stopwatch 

Student’s (no quotes) 

Subculture 

Subfamily 

Subnormal 

Substance P 

Supersensitive, -ity 

Supraoptic 

¢t test (no quotes) 

Test-tube 

Time constant, course 

Tubocurarine (usually no » 

Ultrafilter 


Vice versa (Roman type) 
Watch-glass 

Water-bath 

Water-level 

Watertight 

Wave form, number 
Wave-length, -front 


PHYSIO. CL 


ment) Pre-set, pre- , ete. 
| Rate-meter 
Re-examine 
Hydrolyse Reflexion a 
Hypo | Re-illuminate 
| ink ( I) Résumé 4 
Role 
Isoleucine a 
Judgement a 
Life cycle 
| 
Mi (but micro-organism) 
Mid-brain 
Midday, midway 2 
> ~ 
| Miosis 
Neuromuscular 
Neurone 
4 
1 No 4 
One half, third 4 
Upstroke 4 
Via 
Perspex (cap. P) d 
Photocell 
oe Photo-electric q 
| 
ata 
9 4 
ii 
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PROOF CORRECTION 


/ Results 


Most of the experiments in the #h¢ present % 2. 
invastigation were carried out with the use of 
cocainef) and the results to be described 
Wiees were obtained with this drug unless 
at / speciajmention is made. 


ital,/ Magnitude of action potential 
indud| Conduction along the distal non-narcotised 
segment. When we take into consideration — 
the finding of Woronzow that the size tom. | 9. 


tis! (the fof) electric response hs. / 11. 
sting, first 12 


along the distal region (most) 
depressed area, it is intj@& 
see / of all, to pmeerterf whether the same 
would occur under ‘a Present experimental thek 14. 


disturbances were taken #e¢k before and 

Xj at varying intervals during narcosis and 

NP. recovery.{J With ND leads diphasic re- 

cords were obtained in which the POTENTIAL 6:7 22. 

variations appearing in the nagcotised w+: | 23. 

i~} and non, narcotised distalfregions are / 25. 

simultdjeously represented in the two 
phases of each response, the first phase 

being derived from the form’ gr and the 5% / 27. 

second from-the latterf) 


Explanation of marks 

. Print in small capitals. 

Delete letters or word indicated. 

Invert letter. 

Substitute a comma for the semi-colon. 

. The correct form of a jumbled word. 

Insert a space, 

Print in italics. 

Indent as for a paragraph. 

. Print in roman type. 

10, 11, 12. Methods of marking transposition; 10, of words within 4 line; 
11, of a word from one line to another; 12, of letters within a word. 
i ee oe are out of order they should be numbered in correct 
order, and a ition mark put in the 

14. Insert a word. 
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PROOF CORRECTION 
[The same corrected] 


RESULTS 


Most of the experiments in the present 
investigation were carried out with the use of 
cocaine, and the results to be described 
below were obtained with this drug unless 
special mention is made. 


Magnitude of action potential 

Conduction along the distal non-narcotised 
segment. When we take into consideration 
the finding of Woronzow that the size 
of the électric response suffers most decre- 
ment along the distal region beyond the 
depressed area, it is interesting, first of 
all, to see whether the same would occur 
under the present experimental conditions. 
For this purpose DD leads were first 
employed. Records of propagated dis- 
turbances were taken both before and 
at varying intervals during narcosis and 
recovery. 

With ND leads diphasic records were 
obtained in which the potential variations 
appearing in the narcotised and non- 
narcotised distal regions are simultaneously 
represented in the two phases of each 
response, the first phase being derived 
from the former and the second from the 
latter. 
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Explanation of marks (cont.) 


. Run on the continuously, making no paragraph. 
. Print in capital letters. 


. Reduce the spaces in the line. 

. Substitute one letter for another. 
. Let the word crossed out stand. 

. Substitute good for battered type. 


. Begin a new paragrap 


h. 
Print in lower-case (small) letters. 


. Substitute a letter from the correct type fount. 
. Insert a hyphen. 


Delete the hyphen, but leave a space between the words, 


. Align the type correctly. 


Close up and delete the space. 


. Insert a full stop in place of the semi-colon. 
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A LIST OF PERIODICALS AND THEIR ABBREVIATIONS 


This list includes all those periodicals to which reference was made at least twice 
during 1950-1960. The abbreviations generally follow those of the World List of 
Scientific Periodicals (Butterworth, 1952), whose rules should be consulted for 


titles not given here. 


PERIODICAL 


Abhandlungen der Kel. Sichsischen Gesellschaft (Aka- 


demie) der Wissensc . Math.-Phys. KI. Leipnig 
Abhandlungen zur exakten Biologie 
Abhandlungen zur theoretischen Biologie 
Abstracts of communications, X VIII international physio. 
logical congress 
Acta allergologica, Kobenhavn 
Acta anatomica. Basel, New York = 
Acta biologiae experimentalis 
Acta biologica belgica 
Acta botanica fennica 
Acta brevia neerlandica de physiologia, 
microbiologia, etc. 
Acta cardiologica. Bruxelles 
Acta chemica scandinavica 
Acta clinica belgica 
Acta endocrinologica. Bucarest 
Acta endocrinologica. Copen 
Acta endocrinologica (ucrainica). Kharkov 
Acta haematologica 
Acta medica scandinavica 
Acta neurologica 
Acta neurologica et psychiatrica belgica 
Acta obstetrica et gynecologica scandinavica 
Acta ophthalmologica 
Acta oto-laryngologica 
Acta oto-rhino-laryngologica belgica 
paediatrica belgica 
ta paediatrica, Stockholm 
cn pathologica et microbiologica scandinavica 
Acta pharmacologica et toxicologica 
Acta physiologica hungarica 
Acta physiologica latino-americana 
Acta physiologica et pharmacologica neerlandica 
Acta physiologica polonica 
Acta physiologica scandinavica 
Acta phytochimica. Tokyo 
Acta psychiatrica et neurologica 
Acta psychologica 
Acta radiologica 
Acta Scholae Medicinalis Universitatis Imperialis in Kioto 
_ Acta Societatis medicorum Upsaliensis 
Acta Societatis scientiarum Fennicae 
Acta vitaminol 
Acta vitaminologica. Milano 
Acta zoologica 
Actualités scientifiques et industrielles 
Advancement of Science (British Association reports) 
Advances in Biological and Medical Physics 
Advances in Carbohydrate Chemistry 
Advances in Colloid Science 
Advances in Enzymology and Related Subjects 
Advances in Food Research 
Advances in Genetics 
Advances in Internal Medicine 
Advances in Protein Chemistry 


ABBREVIATION 
Abh. stichs. Ges. (Akad.) Wias. 


Abh. exakt. Biol. 
Abh. theoret. Biol. 


Abstr. XVIII int. physiol. Congr. 


Acta allerg., Kbh. 
Acta anat. 


Acta endacr Kharkov 
Acta 

Acta med. scand. 

Acta neurol., Napoli 


Acta oto-laryng., Stockh. 
Acta oto-rhino-laryng. belg. 
Acta paediat. belg. 

Acta paediat., Stockh. 

Acta path, microbiol. scand. 
Acta pharm. ioa., Kbh. 
Acta physiol. hung. 

Acta physiol. latinoamer. 
Acta physiol. pharm. neerl. 
Acta physiol. polon. 

Acta physiol. scand. 

Acta phytochim., Tokyo 
Acta psychiat., Kbh. 

Acta psychol., Hague 

Acta radiol., Stockh. 

Acta Sch. med. Univ. Kioto 
Acta Soc. Med. upsalien. 
Acta Soc, Sci. fenn. 

Acta Vitamin., Wilno 


Actualités sci. industr. 
Advance. Sci., Lond. 
Advance, biol. med. Phys. 
Advanc. Carbohyd. Chem. 
Advance. Colloid Sci. 


Advance. Protein Chem. 


Ac 
Ag 
At 
Ar 
At 
ry 
A 
A 
A 
Al 
Al 
A 
Ai 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
! 


” Acta Biol. exp., Varsovie 
| Acta biol, belg. 
Acta bot. fenn. 
Acta brev. neerl. Physiol. 
Acta cardiol., Brux. 
i Acta chem. scand. 
: Acta clin. belg. 
4 Acta endocr., Bucarest 
Acta neurol. belg. 
: Acta obstet. gynec. scand. 
Acta ophthal,, Kbh. 
Advance. Enzymol. 
Advance. Food Res. 
Advance. Genet. 
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PERIODICAL 


Advances in Surgery 

Agricultural Research Council Reports 

American Chemical Journal 

American Heart Journal 

American Journal of Anatomy : 

American Journal of Digestive Diseases (and Nutrition) 

American Journal of Diseases of Children 

American Journal of Hygiene 

American Journal of Medicine 

American Journal of Obstetrics and Gynecology 

American Journal of Ophthalmology 

American Journal of Pathology 

American Journal of Pharmacy 

American Journal of Physiology 

American Journal of Psychiatry 

American Journal of Psychology 

American Journal of the Medical Sciences __ 

American Journal of Roentgenology 

American Journal of Tropical Diseases and Preventive 
Medicine 

American Medical Association Archives of Pathology 

American Review of Tuberculosis 

Anales del Instituto de biologia — 


Analyst 

Analytica chimica acta 

Analytical Chemistry 

Anatomical Record 

Anatomischer Anzeiger 

Anesthesiology 

Angeiologie 

Angewandte Chemie 

Angiology 

Animal Breeding Abstracts 

Annaes da Faculdade de medicina de Siio Paulo 

Annalen der Chemie 

Annalen der Physik 

Annales de biologie clinique 

Annales de chimie 

Annales de chimie (et de physique) 

Annales de la nutrition et de l’alimentation 

Annales de la Société Royale des sciences médicales et 
naturelles de Bruxelles 

Annales de la Société Royale zoologique de Belgique 

— de la Société zoologique et malacologique de 

gique 

Annales de I’Institut Pasteur 

Annales de médecine 

Annales d’endocrinologie 

Annales de physiologie et de physicochimie biologique 


Annales d’oto-laryngologie 

Annales medicinae Tecitimaentalis et biologiae Fenniae 

Annali d’igiene (sperimentale) 

Annals of Allergy 

Annals of Applied Biology 

Annals of Biochemistry and Experimental Medicine (Indian 
Institute for Medical Research) ! 

_ Annals of Eugenics, London 

Annals of Human Genetics 

Annals of Internal Medicine 

Annals of Ophthalmology ) 

Annals of Otology, Rhinology and Laryngology 

Annals of Physical Medicine | 

Annals of Science 

Annals 


of Surgery 


ABBREVIATION 


Advance. Surg. 
Agric. Res. Coun. Rep. 
Amer. chem. J. 


Amer, J. Pharm. 
Amer. J. Physiol. 
Amer. J. Psychiat. 


A.M.A. Arch. Path. 
Amer. Rev. Tuberc. 
An. Inst. Biol. Univ. Méx. 


Angiology 

Anim. Breed. Abstr. 

Ann. Fac, Med. S. Paulo 
Liebigs Ann, 

Ann. Phys., Lz. 

Ann. Biol. clin. 

Ann, Chim, 

Ann, Chim. (Phys.) 

Ann. Nutr., Paris 

Ann. Soc. Sci. méd. nat. Brux, . 


Ann. Soc. zool. Belg. 
Ann. Soc. zool. malac.. Belg. 


Ann. Inst. Pasteur 
Ann. Méd. 
Ann. Endocrin., Paris | 


a 
3 
a 
ye 
By’ 
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Ann, Ophthal. 
Ann. Otol., etc., St Louis 
Ann. phys. Med. 

Ann, Sct. 

Ann. Surg. 


4 
Amer. Heart J. 7 
Amer. J. Anat. 
Amer. J. dig. Dis. 
Amer. J. Dis. Child. i 
Amer, J. Hyg. 4 
Amer. J. Med. 
Amer. J. Obstet. Gynec. 
Amer. J. Ophthal. 
Amer. J. med. Sci. | 
Amer. J. Roentgenol. 
Amer. J. trop. Dis. 

Analyst 
Analyt. chim. acta 
Analyt. Chem. 
Anat. Rec. 
Anat, Anz. 
Anesthesiology 
Angeiologie 
Angew. Chem. 
ann, Physiol. Physicochvm. 
ales de ique Ann. Phys., Paris Be 
Ann. Oto-laryng. 
Ann, Med. exp. Fenn. , 
Ann, Igiene (sper.) z 
Ann, Allergy 
Ann. appl. Biol. 2 
Ann. Biochem. 
Ann. Eugen., Lond. 
Ann, human Genet. 
Ann. intern. Med. a 
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Annals of the New York Academy of Sciences 

Annals of the Royal College of Surgeons of 

Annals of Tropical Medicine and Parasitology 

Année biologique 

Année psychologique 

Annual Report. Industrial Fatigue Research Board, 
London 

Annual Review of Biochemistry 

Annual Review of Medicine 

Annual Review of Microbiology 

Annual Review of Physiology 

Annual Review of Plant Physiology 

Annual Review of Psychology 

Arbeitsphysiologie 

Archiv der Pharmazie 

Archiv fir Anatomie und Physiologie 

Archiv fiir Anthropologie 

Archiv fiir Augenheilkunde 

Archiv fiir die gesamte Physiologie 

Archiv fiir die gesamte Psychologie 

Archiv fiir Entwicklungsmechanik der Organismen 

Archiv fiir experimentelle Pathologie und Pharmakologie 

Archiv fiir experimentellen Veterinarmedizin 

Archiv fiir experimentelle Zellforschung 

Archiv fiir Gynaekologie 

Archiv fiir Hygiene 

Archiv fiir Mikrobiologie 

Archiv fiir mikroskopische Anatomie (und Entwicklungs- 
mechanik) 

Archiv fiir Ohren-, (Nasen- und Kehlkopf) heilkunde . 

Archiv fiir Ophthalmologie 

Archiv fiir pathologische Anatomie und Physiologie 

Archiv fiir physikalische Medizin 

Archiv fiir Verdauungskrankheiten 

Archiv fiir wissenschaftiche u. praktische Tierheilkunde 

Archives d’anatomie, d’histologie et d’embryologie 

Archives d’anatomis microscopique 

Archives de biologie 

Archives de l'Institut Pasteur d’Algéric 

Archives de médecine expérimentale et d’anatomie patho- 


logique 
Archives de physiologie normale et pathologique 
Archives de physique biologique 
Archives des maladies du cveur, des vaisseaux et du sang 
Archives des sciences biologiques 
Archives des sciences physiologiques 
Archives d’ophtalmologi 
Archives du Muséum histoire naturelle, Paris 
Archives générales de médicine 
Archives internationales de biologie générale 
Archives internationales de pharmacodynamie (et de 
thérapie) 
Archives internationales de physiologie 
Archives italiennes de biologie 
Archives médico-chirurgicales de l’appareil respiratoroire 
Archives néerlandaises de physiologic de ’homme et des 


animaux 
Archives of Biochemistry 


Archives of Dermatology and Syphilology, New York 
Archives of Disease in Childhood 

Archives of Industrial Health 

Archives of Industrial Hygiene and Occupational Medicine 
Archives of Internal Medicine 

Archives of Neurology and Psychiatry. Chicago 


ABBREVIATION 


Ann. N.Y. Acad. Sci. 
Ann. R. Coll, Surg. Engl. 
Ann, trop. Med. Parasit. 
Année biol. 

Année 


psychol. 
A.R., industr. Fatig. Res. Bd., Lond, 


Annu. Rev, Biochem. 
Annu. Rev. Med. 
Annu. Rev, Microbiol. 
Annu. Rev. Physiol. 
Annu. Rev. Pl. Physiol. 
Annu. Rev. Psychol 


Arbettsphysiologie 

Arch. Pharm., Berl. 

Arch. Anat. Physiol., Lpz. 
Arch. Anthrop., Braunschw. 
Arch. A ugenheilk. 

Pfiiig. ges. Physiol. 


Arch, exp. Path. Pharmak. 
Arch, exp. Veterindrmed. | 
Arch, exp. Zelljorsch. 

rch. Gynaek. 


Arch. Anat., Strasbourg 
Arch. Anat, micr. 


Arch. Biol., Paris 
Arch. Inst. Pasteur, Algér. 
Arch. Méd, exp. 


Arch. Physiol. norm. path. 
Arch. Phys. biol. 

Arch. Mal. Coeur 

Arch. Sci. biol., St Pétersb. 
Arch. Sci. phy siol. 

Arch. Ophtal., Paris 

Arch. Hist, Mus. nat. Paris 
Arch. gén. Méd. 

Biol. gén. 

Arch, int. Pharmacodyn. 


Arch. int. Physiol. 
Arch. ital. Biol. 

Arch. méd.-chir, Appar. 
Arch. néerl. Physiol. 


Arch. Biochem. (after 1952). Arch. 
Biochem. Biophys. 

Arch. Derm. Syph., N.Y. 

Arch, Dis, Chiidh. 


Arch. Neurol. 


rch. ges. 

Arch. EntwM ech. Org. 

Arch. Hyg., Berl. 
Arch. Mikrobiol. 

Arch. mikr. Anat. 

Arch. Ohr.-, Nas.- KeblkHeilk. 
v. Graefes Arch. Ophthal. 
Virchows Arch. 

Arch. phys. Med. 

Arch. VerdauKr. 

Arch. industr. Health 
Arch, industr. Hyg. 


rch. 
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Archives of Neurology and Psychiatry. London 

Archives of Ophthalmology | 

Archives of Otolaryngology, Chicago 

Archives of Patho (and Laboratory Medicine) 

Archives of Physical Therapy | 

Archives of Psychology 

Archives of Surgery. Chicago 

Archives of Surgery. London 

Archivio di biologia normale e patologica 

Archivio di farmacologia sperimentale e scienze affini 

Archivio di fisiologia 

Archivio di patologia e clinica medica 

Archivio per le scieuze mediche 

Archivos del Instituto de cardiologia de México 

Arkiv for kemi 

Atti della R. Accademia delle scienze 

Atti della R. Accademia Nazionale dei Lincei (Memorie) 

Atti della R. Accademia Nazionale dei Lincei (Rendiconti) 

Atti della Societa lombarda di scienze mediche e biologiche 

Atti della Societ&é medico-chirurgica di Padova 

Atti del R. Istituto veneto di scienze, lettere ed arti 

Australian and New Zealand Journal of Surgery 

Australian Journal of Agricultural Research 

Australian Journal of Experimental Biology and Medical 
Science 


Australian Journal of Psychol 

Australian Journal of Research 
Australian Veterinary Journal 
Bacteriological Review 

Behaviour 


Beitrage zur Anatomie funktioneller Systeme 

a zur chemischen Physiologie und Pathologie 
(Hofmeisters) 

Beitrage zur Geburtshilfe und Gynikologie 


Beitrage zur pathologischen Anatomie und zur allgemeinen © 


Pathologie 

Bericht der Deutschen Chemischen Gesellschaft 

Berichte iiber die gesamte Physiologie und experimentelle 
Pharmakologie 

— iiber die ophthalmologische Gesellschaft. Heidel- 


Tg 
Bericht tiber die Verhandl der Kgl. Sachsischen Ge- 
sellschaft (Akademie) der Wissenschaften zu Leipzig 
Berichte iiber die wissenschaftliche Biologie 
Berliner klinische Wochenschrift 
Bibliotek for leger 
Bibliotheca ophthalmologica 
Biochemital Journal 
Biochemical Pharmacoogy 


Preparations 
Biochemical Society Symposia 
tschrift 


Biochemische Zei 

iochimica et bio ica acta 

Biofizika 

Biologia generalis (Archives internationales de biologie 
générale) 

Biologica Latina 

Biological Abstracts 

Biological Bulletin of the Marine Biological Laboratory, 
Woods Hole 

Reviews 
lological Symposia 

Biologisches Zentralblatt 


ABBREVIATION 


Arch. Neurol. Psychiat., Lond. 
Arch. Ophthal., N.Y. 

Arch. Otolaryng., Chicago 
Arch. Path. (Lab. Med.) 

Arch. phys. Ther. 


Arch, Sci. med. 
Arch. Inst, Cardiol. Méx, 


Atti Soc. lombarda Sci. med. biol. 
Soc. med.-chir. Padova 

Atti Ist..veneto 

Aust. N.Z. J. Surg. 

Aust. J. agric. Res. 


Biol. Abstr. 
Biol. Bull., Woods Hole 


Biol. Rev. 
Biol, Symp. 
Biol. Zbl. 


nd. Arch. Psychol., N.Y. | 
Arch, Surg., Chicago ; 
Arch. Surg., Lond. 
Sperimentale q 
Arch. Farmacol. sper. E 
Arch. Fisiol. 
Arch. Pat. Clin. med. 
Ark. Kemi 4 
Atti Accad. Torino | 
Mem. Accad. Lincei 
R.C. Accad. Lincei 
Aust. J. exp. Biol. med. Sci. (after 
1953) Aust. J. exp. biol. Sct. 
Aust. J. Psychol. 
Aust, J. sci. Res. 
Aust. vet. J. 
k. Bact. Rev. 
Behaviour 
Beitr. Anat. funkt. Syst. | 
Beiir. chem. Physiol. Path. ; 
; Beitr. Geburtsh. Gynak. 
Beitr. path. Anat. | 
Ber. dtsch. chem. Ges. 
Ber. ges. Physiol. 
Ber. ophth. Ges. Heidelberg 7 
Ber stichs. Ges. (Akad.) Wiss. 
4 Ber. wiss. Biol. 
Berl. klin. Wechr. 
Bibl. Leger 
Bibl, ophth. 
Biochem. J. 
Biochem. Pharmacol. 
Biochem. Prep. 
Biochem. Soc. Symp. | 
Biochem. Z. 
Biochimica 
Biochim. biophys. acta 
Biofizika 
Biol. gen. 
Biol. latina 
go | 
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Biologiske Meddelelser. K. Danske Videnskab 
Biometrika. 

Biophysics (in English) a 
Blood. The Journal of 


Brain 

British Abstracts AIII—-Physiology, Biochemistry, Ana- 
tomy 

British Association Reports 

British Chemical and Physiological Abstracts 

British Dental Journal 

British Heart Journal 

British Journal of Animal Behaviour 

British Journal of Cancer 

British Journal of Children’s Diseases 

British Journal of Experimental Biology 

British Journal of Experimental Pathology 

British Journal of Haematology 

British Journal of Industrial Medicine 

British Journal of Nutrition 

British Journal of Ophthalmology 

British Journal of Pharmacology and Chemotherapy 

British Journal of Physical Medicine and Industrial 


British Journal of Physiological Optics 

British Journal of Plastic Surgery 

British Journal of Psychology 

British Journal of Radiology. New Series 
British Journal of 8 

British Medical Bulletin 

British Medical Journal 

British Science News (British Council) 

British Veterinary Journal 

Bulletin biologique de la France et de la Belgique 
Bulletin. Council for Scientific and Industrial Research 
Bulletin, Cranbrook Institute of Scicnce 


h 


Bulletin de biologie et de médecine experimentale de 


PU.R.S.S. 
Bulletin de Académie de médecine de Belgique 
Bulletin de l’Académie de médecine 
Bulletin de l’ Académie nationale de médecine 
Bulletin de la Société chimique de Paris 7 
Bulletin de la Société de chimie biologique 
Balletin de la Société scientifique et Station biologi 
d’ Arcachon 
Bulletin d’histologie appliquée 4 la physiologie, etc. 
— et. Mémoires de la Société médicale des hépitaux 
e Paris 
Bulletin. Missouri Agricultural Experimental Station 
Bulletin of Entomological Research 
Bulletin of Mathematical Biophysics 
Bulletin of the Museum of Comparative Zoology 
Bulletin of the Neurological Institute of New York 
Bulletin of the United States Bureau of Standards 
Bulletin of the World Health Organisation 
Bulletin of War Medicine 
Bulletin. Société chimique de France 
Bulletin. U.S. Army Medical Department 
Bureau of Standards Journal of Research 


California and Western Medicine 

Canadian Journal of Biochemistry and Physiology 
Canadian Journal of Medical Sciences 

Canadian Journal of Medicine and Surgery 
Canadian Journal of Research: Zoology 


EEEREEEEEE EE EEEEEE 


nim. Behav. 
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U.S. Army med. Dep. 
Bur. Stand. J. Res., Wash. 


Calif. West. Med. 

Canad. J. Biochem. Physiol. 
Canad. J. med. Sci. 

Canad. J. Med. a 


Canad. J. Res., 


— 

‘Biol. Medd., Kbh. 

3 

7 Biophys., Lond. 

4 Bollettino della Soc eta italiana di biologia sperimentale Boll. Soc. ital. Biol. sper. 

[ Brit. Abstr. ATII 

Advance. Sci., Lond. 

Brit. chem. physiol. Abstr. 
Brit, dent. J. 

éart J. 

2 J. 

J. 

| Acad. Méd. Belg. 

Acad. Méd., Paris 

Acad. nat. Méd. | 

i Soc. Chim. biol., Paris 
Soc. saci. Arcachon 
Histol. Tech. micr. 
| Soc. méd. Hép. Paris 

Rt 

4 Mo. agric. Exp. Sta. 

ent. Res. 

4 math. Biophys. | 
; Mus. comp. Zool. 

4 neurol. Inst. N.Y. 

: U.S. Bur. Stand. 

: World Hith Org. 

War Med. 
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Canadian Medical Association Journal Canad. med. Ass. J. 
Cancer Res 
Cardiologia, e Cardiologia, Basle 
Cellule Cellule 
Chemical Abstracts | Chem. Abstr. 
Chemické Listy pro Védu a Primysl Chem, Listy 
Chemische Zeitschrift Chem. Z. 
Chemistry and Industry (Review) Chem. & Ind, (Rev.) 
Chinese Journal of Physiology Chin, J. Physiol. 
Chinese Journal of Physiology. Report Series Chin. J. Physiol. Rep. Ser. 
Chromosoma Chromosoma 
Circular. Missouri Agricultural Experiment Station Circ. Mo. agric. Exp. Sta. 
Circulation 2 Circulation 
Circulation Research Circulation Res 
Clinical Science Clin. Set 
Cold Spring Harbor Symposia on Quantitative Biology Cold Spr. Harb. Symp. quant. Biol. 
Colston Papers Colston Papers 


Comptes rendus de l’Académie des sciences de 1’U.R.S.S. C.R. Acad. Sci. U.R.S.S. 
Comptes rendus des travaux du Laboratoire de Carlsberg C.R. Lab. Carlsberg 
Comptes rendus hebdomadaires des séances de l’Académie des C.R. Acad. Sci., Paris 


Sciences 
Comptes rendus hebdomadaires des séances et mémoires dela C.R. Soc. Biol., Paris 
Société de 
a be to Embryology. (Publications of the Carnegie Contr. Embryol. Carneg. Instn 
itution) 
Cornell Veterinarian Cornell Vet. 
Current Science Curr. Sei. 
Deep-Sea Research Deep-Sea Res 
Dental Record 
Dermatologica, Basel Dermatologica, Basel . 
Deutsche medizinische Wochenschrift Dtsch. med. Weschr. 
Deutsche Monatsschrift fiir Zahnheilkunde Dtsch. Mschr. Zahnheilk. 
st. Deutsche Zeitschrift fiir Nervenheilkunde Dtsch. Z. Nervenheilk. 
Diabetes Diabetes 
Discussions of the Faraday Society Disc. Faraday Soc. 
Documenta ophthalmologica Docum. ophthal. 
Doklady Akademii Nauk C.R. Acad. Sci. U.RS.S., 
Edinburgh Medical Journal Edinb. med. J. 
Elect phalograpby and Clinical Neurophysiology Electroenceph. clin. Neurophysiol. 
Electronic Engineeri Electron. Engng 
Endeavour Endeavour 
Endocrinologie Japonaise Endocrin. Japon. 
Endocrinology Endoeri 
ymologi nzymologia 
Anatomie und Entwicklungsgeschicht Ergebn. Anat. EntwGesch. 
Ergebnisse der Biologie Ergebn. Biol. 
Ergebnisse der Enzymforschung | Ergebn. Enzymforsch. 
Ergebnisse der Physiologie - Ergebn. Physiol. 
Ergebnisse der Vitamin- u. Hormonforschung Ergebn.. Vitam.- u. Hormonforsch. 
Etudes néo-natales Btud. néonatales 
Eugenics Review Eugen. Rev. 
Excerpta Medica. Amsterdam Excerpta med., Amat. 
Excerpta Medica. Basel, Leipzig Excerpta med., Basel 
Experientia Experventia 
Experimental Cel] Research Exp. Cell Res. 
Experimental Medicine and Surgery Exp. Med. Surg. 
Experimental Neurology | Exp. Neurol. 
Farmacista italiano Farm. ital., Roma 
Farmacista italiano e medico pratico Farm, ital., Napoli 


Farmaco, Farmaco 


wis 
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Federation Fed. Proc. 
Fermentforschung 
Fiziologicheskii Zhurnal (Moscow) Sechenov J. Physiol. 
Folia haematologica Folia haemat., Lpz. 
Folia pharmacologica japonica Folia pharm. jap 
Folia neurologica et neer- Folia psychiat. 

landi 

Food Food Res. 
Gastroenterologia, Basel Gastroenterologia, Basel 
Gastroenterology Gastroenterology 
Genetics Genetics 
Geographical Review Geogr. Rev. 
Glasgow Medical Journal Glasgow med. J. 
Growth 
Guy’s Hospital Reports Guy's Hosp. Rep. 
Gynécologie et obstétrique Gynéc, et 
Haematologica Haematologica 
Handbuch der Biochemie Handb. Biochem., Berlin 


Handbuch der biochemischen Arbeitsmethoden 
Handbuch der biologischen Arbeitsmethoden 
Handbuch der vergleichenden Physiologie 
Harvey Lectures 

Heart 


Helvetica chimica acta 

Helvetica paediatrica acta 

Helvetica physiologica et pharmacologica acta 
Hereditas, Lund 

Heredity. An international journal of genetics 
’s Zeitschrift fiir physiologische Chemie 
Hormone. Oss, Holland 

Hormoner. Stockholm 

Hormones. London 

Hungarica acta physiologica 


Index medicus. Washington 
Indian Journal of Medical Research | 
Indian Journal of Veterinary Science and Animal Hus- 


bandry 
Industrial Engineering Chemistry (Analytical) 
International Abstract of Biological Sciences 
International Archives of Allergy, Basel 
International Archives of Allergy and Applied Immuno- 
logy. New York 
International Journal of Radiation Biology 
International Review of Cytology 
International Review of Neurobiology 
Interstate Medical Journal, St Louis 
Irish Journal of Medical Science 


Jahresbericht Physiologie und e entelle Sparmae 
Japanese Journal of Medion! 
art 2. Biochemistry 
Part 3. Biophysics 
Japanese Journal of Physiology 
Johns Hopkins Hospital Bulletin 
Johns Hopkins Hospital Reports 
Journal de chimie physique (et Revue générale des eolloides), 
électrochimie, thermochimie, radiochimie, mécanique 
steechiométrie 
Journal de l’anatomie et de la ph 
Journal de pharmacie et de ake i 


Journal de physiologie (et de pathologie générale) 


Handb. biochem. ArbMeth. 
Handb. biol. ArbM eth. 


Helv. paediat, acta 
Hereditas, Lund 


Index .medicus 
Indian J. med. Fes. 
Indian J. vet. Sci. 


Indust, Engng Chem. (Anal.) 


Int. Abstr. biol. Sci. 
Int. Arch. Allergy, Basel 
Int. Arch. Allergy, N.Y. 


Int. J. rad. Biol. 
Int. Rev. Cytol 


Rev. Neurobiol. 


Interst. med. J. 
Irish J. med. Sci. 


Jber, Physiol. exp. Pharm. 
Jap. J. “cag Sci, 


Johns Hopk. 


Johns Hopk. Hosp. Rep. 
J. Chim. phys. 


J. Anat., Paris 
J. Pharm, Chim., Paris 
J. Physiol. Path. gén. 
(after 1953) J. Physiol., Paris 


¥ 
Harvey Lect. 
Heart 
fleredity 
Hoppe-Seyl. Z. 
Hormone 
Hormoner 
Hormones | 
Hung. acta physiol. | 
a 
Biophys. 
Jap. J. Physiol. | 
@ Hosp. Bull. 
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Journal de psychologie normale et pathologi 
Journal fir Psychologie und 
Journal-Lancet, Minneapolis 

Journal of Agricultural Research. Washington 
Journal of Agricultural Science. Cambridge 

Journal of Allergy 

Journal of Anatomy (and Physiology) 

- Journal of Animal Ecology 

Journal of Animal Science 

Journal of Applied Physiology 

Journal of Aviation Medicine 

Journal of Bacteriology 

Journal of Biochemistry 

Journal of Biological Chemistry 

Journal of Biophysical and Biochemical Cytology 
Journal of Biophysics 

Journal of Bone and Joint Surgery 

Journal of Cancer. London 

Journal of Cancer Research. Baltimore 

Journal of Cellular and Comparative Physiology 
Journal of Chemical Physics 

Journal of Clinical Endocrinology 

Journal of Clinical Investigation 

Journal of Clinical Pathology 

Journal of Clinical Research 

Journal of Colloid Science 

Journal of Comparative and Physiological Psychology 
Journal of Comparative Neurology (and Psychology) 
Journal of Cytochemistry 

_ Journal of Dairy Research 

Journal of Dairy Science 

Journal of Dental Research 

Journal of Economic Entomology . 
Journal of Embryology and Experimental Morphology 
Journal of Endocrinolo 

Journal of Biology 

Journal of Experimental Medicine 

Journal of Experimental Psychology 

Journal! of Experimental Zoology 

Journu: of General Microbiology 

Journal of General Physiology 

Journal of General Psychology 

Journal of Genetics 

Journal of Gerontology 

Journal of Histochemistry : 

Journal of Histochemistry and Cytochemistry 
Journal of Hygiene 
Journal of Immunol | 
Journal of Industria} Hygiene (and Toxicology) 
Journal of Infectious Diseases 

Journal of Insect Physiology 

Journal of Investigative Dermatology __ 
Journal of Laboratory and Clinical Medicine 
Journal of Laryngology (Rhinology) and Otology 
Journal of Medical Research 

Journal of Metabolic Research 

Journal of Molecular Biology 

Journal of Morphology 


Journal of Neurochemistry 
Journal of Neurology and Psychopathology 
Journal of Neurology (Neurosurgery) and Psychiatry 
Journal of Neuropathology and Experimental Neurology 
Journal of Neurophysiology 

Journal of Neurosurgery 


“2.2. =. 


J. Anim, Sci. 

J. appl. Physiol. 
J. Aviat. Med. 

J. Bact. 

J. Biochem. Tokyo 
J. biol. Chem. 
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J. Psychol. norm. path. 
J. Psychol, N. a 
Jl-Lancet a 
J. agric. Sct. 
J. Allergy 
J. Anat., Lond. 3 
J. biophys. biochem. Cytol. | 
iophys., Tokyo 
Jt. Surg. 
neer, Lond. 
neer Res. 
- comp. Physiol. 
em. Phys. q 
in. Endocrin. 
in. Invest. | 
in. Path. 
in. Res. 
loid Sci. 
p. physiol. Psychol. 
p. Neurol. 
ochem. 
airy Res. 
airy Sct. 
nt. Res. 
. Ent. 
mbryol. 
mdocrin, 
p. Biol. 
Med. 
p. Psychol. 
p. Zool. 
n. Microbiol. 
n. Physiol. 
n. Psychol, j 
net, 
ront. 
istochem. 
istochem. Cytochem. 
yg., Camb. | 
munol. 
ustr. Hyg. 
fect. Dis, 
sect Physiol. 
vest. Derm. 
b. clin. Med. 
ryng. 
ed. Res. 
etab. Res. 
l. Biol, 
orph, 
eurochem. 
eurol. Psychopath, 
eurol, 
europath. 
europhysiol. 
eurosurg. 
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Journal of Nutrition 


Journal of Obstetrics and Gynaecology of the British Empire 


Journal of Organic Chemist 
Journal of Pathology and Bacteriol 


Journal of Pharmacology and Therapeutics 
Journal of Pharmacy and Pharmacology 
Journal of Physical and Colloid Chemistry 


Journal of Physiology 


Journal of Physiology, U.S.S.R. (in English) 


Journal of Psychology 


Journal of Research. National Bureau of Standards 


Journal of Scientific Instruments 


Journal of the Acoustical Society of America 

Journal of the American Chemical Society 

Journal of the American Medical Association 

Journal of the American Pharmaceutical Association 
Journal of the American Veterinary Medical Association 
Journal of the Canadian Medical Assuciation 


Journal of the Chemical Society 


Journal of the Faculty of Radiologists, London 
Journal of the Institution of Electrical Engineers 
Journal of the Japanese Biochemical Society 
Journal of the Marine Biological Association 


Journal of the Mount Sinai Hospital 


Journal of the National Cancer Institute 
Journal of the Optical Society of America 
Journal of the Pharmaceutical Society of Japan 
Journal of the Physiological Society of Japan 
Journal of the Royal Army Medical Co 
Journal of the Royal Microscopical Society 

Journal of the Royal Statistical Society 

Journal of the South African Veterinary Medical Associa- 


tion 
Journal of the Textile Institute 
Journal of Urology 


Klinische Wochenschrift 
Kolloidzeitschrift 


Kongelige Danske Videnskabernes Selskabs Skrifter 


Lancet 
Laryngoscope 
Liebigs Annalen der Chemie 
Luftfabrtmedizin | 


Medical Journal of Austeclic. 

Medical Journal of South Africa 
Medical Science Abstracts and Reviews 
Medicine 

Medico-Chirurgical Transactions 


Mémoires couronnés et autres mémoires p.p. |’ Académie 


R. des sciences (etc.) 


Memoirs of the Society for Endocrinology 
Memoirs of the Wistar Institute of Anatomy 


Metabolism 

Methods in Medical Research 
Mikrochemie 

Mikroscopie 

Minnesota Medicine 


Mitteilungen aus oe bieten der Medizin und Chirurgie 
Mitteilungen aus Finsens Medicinske Lysinstitut in Kopen- 


hagen 


Monatschrift fiir Psychiatrie und Neurologie 
Monatshefte fiir emie und verwandte Teile andevee 
nschaften 


Wisse 


by by be 


ABBREVIATION 


J. act. Instrum. 


ai 


aia 


: 


SSNS 


r. biol. As. U.K. 


& 


Kolloidzachr. 
K. danske vidensk. Selsk. 
Lancet 


Laryngoscope 
Liebigs Ann. 
Lufifahrimedizin 


Med. J. Aust. 

Med. J. 8. Afr. 

Med. Sci. Abstr. 

Medicine 

Med.-chir. Trans. 

Mém. cour. Acad. R. Belg. 


Mem. Soc. Endocrin. 
Mem. Wistar Inst. Anat. 


Mitt. Grenzgeb. Med. Chir. 
Mitt. Finsens med. Lysinst. 


Machr. Psychiat. Neurol. 
Mh. Chem. 


J. Nutr. 
J. Obstet. Gynaec., Brit. Emp. | 
J. org. Chem. 
Path. Bact. 
J. Pharmacol. 
J. Pharm., Lond. 
J. phys. Chem. 
J. Physiol. 
| Sechenov J. Physiol., Lond. | 
| 
| J. Psychol. 
J. Res. nat. Bur. Stand. 
| 
Fac. 
: Inat 
J 
Corps 
j 
ed. Ass. 
4 
| 
Metabolism 
Methods med. Res. 
Mikrochemie | 
Mikroscopie 
4 


PERIODICAL 


Monatsschrift fiir Kinderheilkunde 
Monitore zoologico italiano 

Morgagni 

Morphologisches Jahrbuch 

Minchener medizinische Wochenschrift 


Nature | 
Naturwissenschaften 

Nederlandsch tijdschrift voor geneeskunde 
Neurology 

Névraxe 

New England Journal of Medicine 

New Phytologi 


Nordisk medicinsk Tidskrift 

Nordiskt medicinskt Arkiv 

Nouvelles archives italiennes de biologie 

Nucleonics 

Nutrition 

Nutrition. Annales it. biologiques, thérapeutiques 
Nutrition Abstracts and iews 

Nutrition Reviews 


Obstétrique et gynécologie 
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PASSAGE OF CIRCULATING ADRENALINE INTO PERFUSED 
CEREBRAL VENTRICLES AND SUBARACHNOIDAL SPACE 


By M. DRASKOCI,* W. FELDBERG anp P. 8S. R. K. HARANATH* 


From the National Institute for Medical Research, Mill Hill, 
London, N.W.7 


(Received 29 April 1959) 


In dogs, cats and mice injections of adrenaline into the cisterna or into | 
the cerebral lateral ventricle produce changes in behaviour resembling a 
condition of anaesthesia (Bass, 1914; Leimdorfer & Metzner, 1949; Feld- 
berg & Sherwood, 1954; Haley & McCormick, 1957; Reitter, 1957), but it is 
not known whether adrenaline can pass from the blood stream into the 
cerebral fluid of the cerebral ventricles and of the subarachnoidal space. 
In the present experiments this problem has been examined by infusing 
adrenaline intravenously whilst these spaces were perfused with artificial 
salt solution. The perfusate was then collected and assayed for adrenaline 
by the depression it produces on the on contractions of the 
isolated rat uterus. 

When assaying for adrenaline it was found that in jcc doses adrenaline 
had a stimulating action on the rat uterus. This finding as well as details 
about the depressant action of adrenaline on the rat uterus are included 
in this paper. 

So far little is known about the passage of pharmacologically active 
substances from the blood stream into the cerebrospinal fluid. Leimdorfer, 
Arana & Hack (1947) did not detect any adrenaline in the c.s.f. collected 
from the cisterna of cats 15 min after an intravenous infusion of 250 pg/kg. 
Paton (1953) found traces of hexamethonium in the c.s.f. when the drug 
had been injected into the blood stream. With a plasma concentration of 
about 100 pg/ml. the concentration of hexamethonium in the c.s/f. 
remained below 1 ug/ml. Mahfouz (1949) injected intravenously into an 
unanaesthetized patient tubocurarine 0-2mg/kg. About half an hour later, 
when the plasma concentration had fallen to a level of about 1 yg/ml., 
the o.s.f. collected by lumbar puncture contained 2-5 ng/ml. On the other 
hand, Bhattacharya & Feldberg (19585) could not detect any. passage of 
tubocurarine into the c.s.f. of anaesthetized cats. They perfused from a 
cannula in the lateral ventricle the ventricular and the subarachnoidal space — 
with Locke’s solution, and injected 1-10 mg tubocurarine intravenously. | 

: * W.H.O. Fellows. 
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No tubocurarine was detected in the cisternal effluent. With the same 
method they could show that the anticholinesterases eserine and neostig- 
mine injected intravenously appeared in the cisternal effluent. Eserine 
passed more readily into the perfusion fluid than neostigmine and part of 
this passage occurred in the ventricles, part in the subarachnoidal space. 


METHODS 


Animals. The experiments were carried out in cats anaesthetized by intravenous chlora- 
lose (80 mg/kg) after preliminary ethyl chloride. A few days before the actual experiment, 


-a Collison cannula was implanted aseptically under pentobarbitone anaesthesia into the 


lateral ventricle, according to the method described by Feldberg & Sherwood (1953). The 
method of perfusion from the lateral ventricle to the cisterna, and from the lateral ventricle 
to the aqueduct, was that described by Bhattacharya & Feldberg (1957, 1958a). In order 
to perfuse areas of the subarachnoidal space without the cerebral ventricles, two procedures 
were adopted, perfusion from the epicranial subarachnoidal space to the cisterna and per- 
fusion from the cisterna to the lumbar space or vice versa. The cannula used for perfusion 


_— 
Fig. 1. Diagram of the cannula used for perfusion from 
the epicranial subarachnoidal space. 


from the epicranial subarachnoidal space is diagrammatically represented in Fig. 1. It 
consists of two parts, an outer sleeve which is screwed into the skull, and an inner part, the 
actual cannula, which is taken by the inner thread of the sleeve. To avoid the rim of the 
sleeve pressing the dura against the brain tissue, thereby preventing the free passage of 
fluid, a rubber washer (indicated in black in the diagram) is inserted between the outer 
flange of the sleeve and the skull. Another thin washer is placed between the slesve and the 


actual eannula. A polythene tube is firmly fixed into the centre of the cannula and can be 


connected with the perfusion system. During perfusion from the epicranial subarachnoidal 
space, the cat was lying on its back and the head was raised and flexed forward so that the 
occipital surface of the skull was horizontal. When perfusion was carried out from the cis- 
terna to the lumbar space or vice versa, the cat was lying on its side and a cannula was tied 
into the lumbar subarachnoidal space. 

Mechanical arrangements. The perfusion fluid in all perfusion experiments was Locke’s 
solution, containing ascorbic acid 1 »g/ml. to prevent the destruction of adrenaline. The rate 
of perfusion was 0-1 ml./min and the effluent was usually collected in 20 min samples. In 
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order to prevent destruction of adrenaline during the period until the sample was tested, 
the 20 min samples were collected in 0-1 ml. »/10-HCl. 

A Palmer slow infusion pump, set to deliver 0-2 ml./min, was used to infuse adrenaline 
solution at a rate of 40 pg/kg/min into the right femoral vein. The entrance of adrenaline 
into the circulation was checked by recording the arterial blood pressure in the left femoral 
artery. Artificial ventilation was applied through a cannula in the trachea throughout 
the experiment. 

Arterial samples of 2 ml. blood were taken from the right femoral artery at hourly inter- 
vals with a syringe containing small amounts of heparin. The samples were immediately 
centrifuged, the plasma was separated and kept in cold storage until the assay was per- 
formed. All assays were performed on the same day. The values of adrenaline refer to the 
base. 


Assay of adrenaline. Perfusate and plasma were assayed for adrenaline on the acetyl- 
choline contractions of the rat uterus, according to the method described by de Jalon (de 
Jalon, Bayo & de Jalon, 1945). The uteri were taken from virgin rats weighing about 200 g; 
the rats were either in oestrus or brought into this condition by subcutaneous injection 
of stilboestrol 100 »g/100 g the day before the experiment. The uteri were suspended in 
15 ml. of a salt solution used by Gaddum, Peart & Vogt (1949). When the adrenaline con- 
tent of plasma was tested, lysergic acid diethylamide 5 yg/l. of salt solution was added, 
according to the procedure of Franko, Bragg & Watts (1957), in order to antagonize the 
effect of any 5-HT which might be present in the plasma. 


RESULTS 
Effect on rat uterus of adrenaline, of c.s.f., cisternal effluent, or plasma, 
collected before intravenous infusion of adrenaline 


Adrenaline. It was usually possible to detect on the rat uterus 5 ng 
(sometimes not less than 20 ng and occasionally as little as 1 ng) of adrenal- 
ine by the depression of the acetylcholine contractions. Usually the 
maximal depression occurred with the acetylcholine contraction elicited 
whilst the adrenaline was in the bath or immediately after it was washed 
out. But in several instances, particularly when the rat had not been 
treated with stilboestrol, the depressant effect was delayed and was maxi- 
mal with the subsequent contraction elicited 2 min later. Such instances 
are illustrated in Fig. 2. The contractions shown at A were from a sensi- 
tive preparation which responded to 2 ng adrenaline but the depression 
did not occur with the first acetylcholine contraction whilst the adrenaline 
was in the bath, but only with the subsequent acetylcholine contraction. 
When the dose of adrenaline was increased to 3 ng, the depression took 
place with the first acetylcholine contraction. We have frequently ob- 
served this difference between smaller and larger doses. In addition, it 
was found that the same dose of adrenaline might at some time in the 
course of an experiment depress maximally the first, and at another time 
the second acetylcholine contraction. Such a shift happened, for instance, 
in the experiment of Fig. 2B with 10 ng adrenaline. First its maximal 
depressant effect occurred immediately after the adrenaline was washed 
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out. Later, when the sensitivity of the preparation had somewhat in- 
ereased, the main depressant effect was delayed and occurred with the 
_ second contraction. 

Adrenaline was found to have in addition a stimulating action on the 
~ rat uterus when given in a larger dose (500 ng). Such a stimulating effect 
has been observed on the guinea-pig uterus by Balassa (1941) and by Singh 
& Singh (1951). Balassa, however, pointed out that adrenaline lacked this 
‘stimulating effect on the rat uterus, whereas Bonney & Ferguson (1950) 
obtained it occasionally on the uterus of this species. 


A 


Fig. 2. Effect of small doses of adrenaline on the contractions to 1 yg of acetylcho- 
line of the rat uterus suspended in a 15 ml. bath. A and B, different preparations. 
Acetylcholine given every 2 min and left in the bath for 25 sec. The contractions 
marked by a dot were obtained immediately after washing out a small dose of 
adrenaline which had been in the bath for 30sec. The dose of adrenaline was 
(1) 2 ng, (2) 3 ng and (3 and 4) 10 ng. (For details see text.) 


_ In the experiment of Fig. 3A, the contraction produced by 500 ng 
adrenaline is nearly as great as that produced by | yg acetylcholine. When 
the adrenaline is washed out, the preparation is for a short time practically 
insensitive to 1 yg acetylcholine. This is shown in Fig. 3B. The stimu- 
lating effect, of adrenaline decreases progressively with repeated application 
at short intervals, as is shown at 4-8 in Fig. 3A. This finding suggests 
that adrenaline depresses its own stimulating effect. ‘When 100 or 200 ng 
of adrenaline is given together with 1 ug of acetylcholine, the ensuing 
contraction may be equal to that produced by 1 yg acetylcholine alone or 
be slightly depressed only; but a depressant effect occurs after the adrenal- 
ine is washed out when a subsequent dose of 1 yg acetylcholine is given 
alone (Fig. 3.A). 

Cerebrospinal fluid collected from the cisterna before the perfusion of 
the ventricular spaces and the intravenous infusion of adrenaline had begun 


had no stimulating effect of its own on the rat uterus, and usually had 


no influence on the acetylcholine contractions; in some experiments it 


4 
Rey 
@ 
é 
| 
“. 
on 
~ 
At 
ag 
ct 
A 
“at 
@4 
of 
hop 


38 DRASKOCI AND OTHERS 


increased the acetylcholine contractions. This sensitizing effect was either 
transient (Fig. 4C) or affected, though in diminishing degree, two or three 
acetylcholine contractions which followed each other at 2 min intervals 


Fig. 4D). 


A 


Fig. 3. Effect of large doses of adrenaline on the rat uterus suspended in a 15 ml. 
bath. A and B, different preparations. The unmarked contractions are due to 

1 »g ACh given at 2 min intervals and left in the bath for 25 sec. The contractions | 
marked by-a white dot are due either to 500 ng adrenaline alone (4, 5, 6, 7, 8 and 9) 
or to 1 ug ACh given together with adrenaline 100 ng (1), 200 ng (2) and 20 ng (3). 
The contraction at 10 was obtained by giving 1 ug ACh immediately after washing 
out 7 ng adrenaline left in the bath for 30 sec. (For details see text.) 


In six experiments definite adrenaline-like effects were obtained. In 
one, a sample of 1-9 ml. c.s.f. was collected, and the effect of 1 ml., shown at 
Fig. 4A, corresponded to 40 ng adrenaline; the blood collected before the 
adrenaline infusion contained an adrenaline-like substance corresponding 
to 250 ng/ml. plasma. In another experiment the c.s.f. was collected in 
two successive samples of 1-2 ml. each, but an adrenaline-like effect 
corresponding to adrenaline 8 ng/ml. was obtained with the second sample 
only. In order to find out whether c.s.f. obtained from different parts of the 
subarachnoidal space behaved differently, the c.s.f., in later experiments, 
was collected in three successive samples, lowering the level of the opening 
of the cisternal cannula with each sample so as to increase the draining 
from the spinal subarachnoidal space. During the taking of the first sample 
the level of the opening was at the occipito-atlantic membrane, during the 
second at the height of the spinal cord and during that of the third 
below this level; in addition, the hind quarters were lifted during the 
collection of the last sample. The results are given in Table 1. They are 
not uniform in so far as the first sample was free from detectable amounts 
of the adrenaline-like substance twice only, and in only three out of four 
did the second sample yield the highest value. Part of the assay of the 
samples from Expt. 1 of Table 1 is shown in Fig. 4 at B. 
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Cisternal effluent. The control perfusate collected for 30-60 min before 
the adrenaline infusion was tested on the rat uterus in amounts of up to 
imi. In six experiments it did not influence the acetylcholine contrac- 
tions, in nine experiments it potentiated the contractions, in eight it 


Te | Tp Tasp 


Fig. 4. Effect of c.s.f., adrenaline and cisternal perfusate on the contractions 
produced by 1 wg ACh on the rat uterus suspended in a 15 ml. bath. A-EH, five 
different preparations. The ACh was given every 2 min and left in the bath for a 
time, kept constant for each uterus, which varied between 20 and 40 sec. The con- 
tractions marked by a white spot were obtained immediately after washing out 
either ¢.s.f. (c), adrenaline (a) or perfusate (p), which had been kept in the bath 
for 30 sec. The tests for c, a and p were as follows. (A) at c, 1 ml. ¢.s.f.; at a, lOng 7 
adrenaline. (B) successive samples of c.s.f. ; atc, , 0-5 ml. of first sample, at c,, 025ml. 
of second, and at c,, 0-5 ml. of third; at a, 3 ng adrenaline. (C) at c, 0-4 ml. ¢.s.f. 
(D) at ¢, 0-6 ml. c.s.f. (Z) at p, 1 ml. perfusate, at a, 5 ng adrenaline, at a +p, 5 ng 
of adrenaline together with 1 ml. perfusate. (For details see text:) | | 4 


slightly reduced them, and in two it produced a depression corresponding 

to adrenaline 10 ng/ml. The c.s.f. of one of these two experiments had pro- 

duced an adrenaline-like effect corresponding to adrenaline 40 ng/ml.; q 
this is the experiment of Fig. 4A. In the other experiments in which q 
adrenaline-like effects had been obtained with c.s.f. no measurable amount 4 
of an adrenaline-like substance was detected in the cisternal perfusate. 
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In those eight experiments in which there was slight reduction of the 
acetylcholine contraction with perfusate, the reduction sometimes affected 
the second contraction after washing out the perfusate, although adrenal- 
ine itself, even if given in small doses, reduced the first contraction. When 
such perfusate, however, was tested together with a small amount of 
adrenaline, it enhanced its immediate depressant effect. This is illustrated 
in Fig. | 

TaBLE 1. Assay of adrenaline-like activity on rat uterus of successive samples of c.s.f. 


collected from the cisterna 
Volume of Activity 
successive exp 
samples of c.s.f. as adrenaline 
Expt. (ml.) ng/ml. 
1 1-0 0 
0-8 10 
1-0 0 
2 0-6 0 
0-6 10 
0-6 5 
3 0-8 17 
1-1 20 
1-2 14 
4 0-6 50 


Plasma. When tested in amounts of 0-1 ml. or less on the rat uterus 
treated with lysergic acid, plasma usually either had no effect or caused a 
small potentiation of the acetylcholine contractions. In a few experi- 
ments the plasma produced small adrenaline-like effects and in one experi- 


ment the adrenaline-like effect was pronounced and corresponded to that © 


of adrenaline 250 ng/ml. Mention of this experiment has been made 
_ when describing the effect of c.s.f. on the rat uterus. The amounts used for 
assay of plasma obtained during the adrenaline infusion, however, were 
so small (0-002-0-0005 ml.) that interference of the assay by the potenti- 
ating effect of plasma was unlikely. 


Arterial blood pressure and plasma adrenaline during intravenous 
infusion of adrenaline 

Arterial blood pressure. The rise in arterial blood pressure which occurs 
when the intravenous infusion of adrenaline 40 »g/kg/min is begun is not 
maintained even though the infusion is continued. After 5-20 min the 
pressure begins to fall gradually, reaches the original level within 1-2 hr 
and then continues to fall, sometimes to very low levels. 

Plasma adrenaline. The plasma level of adrenaline during its intravenous 
infusion at a rate of 40 »g/kg/min was found in different cats to vary 
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greatly between less than 1 »g and more than 30 yg/ml., usually between 
4and 10 pg/ml. In the same cat, however, approximately the same level 
was often maintained throughout the experiment, independent of whether 
the level was high or low. Such a result suggests that once a given plasma 
level was reached the amounts of adrenaline eliminated from the blood 
must have been about equal to those infused. In a number of experiments 


TasLE 2. Plasma concentration of adrenaline during its intravenous infusion at a 


rate of 40 ug/kg/min 
Adrenaline (ug/ml. of successive hourly samples 
Weight of y samp 
Expt. no. cat Ist hr 2nd hr 3rd hr  4thhr 5th hr 

1* 2-2 1-7 0-7 1-3 
2 2-7 1-8 2-2: — 
3 3-1 3-1 3-3 40 
4 2-1 3-6 3-3 2°8 2-5 
5 1-6 3-3 2-4 
6 2-7 4-3 4-3 
7 2-3 5:0 4-3 3-7 3-7 
8* 2-4 5-7 5-7 5-7 
9 1-9 5-7 6-7 — 
10 2-2 6-0 4-0 3-3 
1] 1-9 6-0 8-5 6-0 8-0 
12 2-1 6-3 5-9 6-7 6-7 
13* 6-7 6-0 5-0 
14 2-4 6-7 6-7 6-7 6-7 —_ 
15** 1-9 75 5-0 4-5 6-0 6-0 
18 2-8 83 10-0 — 
19 3-0 8-5 6-7 
20 2-5 10-0 8-3 6-7 
21*** 2-0 10-0 2-5 
22 2-6 11-4 8-9 5-9 8-0 _ 
23 2-2 11-4 9-5 9-4 8-4 11-1 
24 3-4 12-5 15-4 16-0 11-1 — 
25** 3-3 14-3 15-4 8-0 9-8 —- 
26 2-9 20-0 11-0 8-0 17-0 -- 
27 3-1 20-0 11-7 8-7 10-0 —_ 
28 2-6 20-0 32-0 25:0 


(*), some lung oedema; (**) lung oedema; (***) severe lung oedema. 


the adrenaline level in the successive hourly samples of plasma either fell 
or rose or showed fluctuations. This is shown in Table 2, which summarizes 
the results of the plasma—adrenaline assays of all experiments. 

There was no definite correlation between the plasma level of adrenaline 
reached on continuous infusion and the weight of the cat, although high 
plasma levels were more frequently found in the larger animals, in which 
the absolute amounts of adrenaline infused per minute were greater than 
in the smaller cats. It is known that continuous intravenous infusion of 
adrenaline is likely to produce lung oedema; this happened also in several 
of our cats (see Table 2). The oedema became evident in the course of an 
experiment by the fact that in spite of strong artificial ventilation the 
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arterial blood samples were no longer fully oxygenated; the oedema was 
confirmed post-mortem. Since the oedema occurred with both low and 
high levels of plasma adrenaline, pulmonary oedema does not explain the 
observed individual variations. 


The appearance of adrenaline in effluent from perfused subarachnordal 
and ventricular spaces during intravenous infusion of adrenaline 
With all the procedures of perfusion adopted adrenaline appeared in the 


effluent during its intravenous infusion. This finding showed that adrenal- 


ine enters the perfusion fluid in the subarachnoidal space as well as in the 
cerebral ventricles. The adrenaline output was never as high when per- 
fusion was effected from the lateral ventricle to the aqueduct as it was in 
some of the experiments in which perfusion was from the lateral ventricle 
to the cisterna. The high output when it occurred in the cisternal effluent 
must, therefore, have originated from the subarachnoidal space, This 
conclusion is supported by the finding that perfusion from the epicerebral 
subarachnoidal space to the cisterna often yielded a high adrenaline output 
in the cisternal effluent. A high output was also obtained when the spinal 
subarachnoidal space was perfused, which suggests that there is no signi- 
ficant difference in the escape of adrenaline from blood into the subarach- 
noidal space of the brain and of the spinal cord. In detail the results 
were as follows. 

Perfusion from lateral ventricle to cisterna. During its intravenous in- 
fusion adrenaline was always detected in the cisternal effluent, but the 
amounts varied from one experiment to another independently of the 
plasma concentration and of the body weight of the cats. This is evident 
from the results shown in Table 3. 

From the values given in the first two columns of Table 3 it is seen that 


in several experiments the cisternal effluent collected during the first 


15 or 30 min of adrenaline infusion contained either no detectable amounts 
of adrenaline or traces only. During this period the maximal rise occurred 
in the arterial blood pressure. The adrenaline output obtained during the 
subsequent half-hour periods did not show a regular course. In Expts. 
nos. 17, 4, 10, and 11 of Table 3, the highest value was obtained in the 
second half-hour period, in the others in later periods. The values could 
remain relatively constant from sample to sample or might show great 
variation; particularly high values were not maintained. 

Perfusion from lateral ventricle to aqueduct. Adrenaline appeared in the 
aqueductal effluent during its intravenous infusion. In several experiments 
the outflow was first collected for 2~3 hr from the cisterna and then for 
another 1-1} hr from the aqueduct. The change over to the aqueductal 
cannula did not require more than 30 min; during this time the inflow was 
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continued but the effluent was not collected. When the output of adrenal- 
ine in the cisternal effluent had been low it was not affected by the change 
over (Expts. nos. 11 and 23 of Table 3) but when it had been high it fell 
to a low value (Eixpts. nos. 4, 10 and 14 of Table 3). | 

Tasix 3. Adrenaline output in cisternal or aqueductal (italic figures) effluent during intra- 
venous infusion of adrenaline 40 yg/kg/min. Inflow from cannula implanted in lateral 
ventricle. Outflow in group A throughout from cisterna; in group B first from cisterna, 


then from aqueduct, and in group C throughout from aqueduct. Numbers of experiments 
are as those of Table 2 


. Adrenaline output (ng/min) in successive 30 min samples 
xpt.. 


120- 150- 180- 210- 240- 270- 
Minutes ... 1-80* 30-60 60-90 90-120 150 180 210 240 270 300 


1 (0) 2-2 2-2 2-0 2:3 3-1 — 
Traces 


5 Traces 2-0 3-1 3°5 — — 5-8 
12 (03) 247 433 143 21:3 20-3 23- 39-3 


4-4 

4 13:5 633 22:2 11:8 — 1:7 2-2 16 — — 

10 70-0 208 32-0 15-0 — 3-0 2-3 1:8 = — 

B ll (1-4) 3-9 2-1 1-4 1-2 ls # — 1-4 1:2 
1-9 

14 40 176 314 «147 — 2-7 2-1 2-7 — — 

23 (0) 1:3 4:8 2-8 5-3 3°6 2°5 5:0 5-0 

Traces 

16 1-4 5-8 6-9 6-9 7:7 7:7 — 

C 22 4-] 7-6 — 2°8 3] 2-6 

24 1-0 3-5 3°6 4-2 4-3 6-0 — 


* When two values are given, the one in brackets refers to the first 15 min, the one with- 
out brackets to the second 15 min period. 


In three experiments, in which the outflow was collected throughout 
from the aqueduct, the adrenaline output was low from the beginning to 
the end of perfusion. The maximum output was never higher than 7-7 ng/ 
min. In two of these experiments the output increased and in one it de- ~ 
creased during the course of the intravenous infusion of adrenaline. There 
was some but no definite correlation between the adrenaline output and 
the level of plasma adrenaline. | 

Perfusion from the epicerebral subarachnoidal: space to cisterna. With 
this method of perfusion the outflow was usually less than the inflow; 
nevertheless the output of adrenaline during its intravenous infusion was 
high. The best outflow for prolonged periods was obtained when the cat 
was lying on its back with the head raised and flexed forward. The results 
of two such experiments are given in Table 4. 
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At the end of these experiments dye was perfused for 10 min, and 
post-mortem the dura was found to be intensely stained over the cerebral 
hemisphere of the side where the cannula was implanted, whereas over the 
opposite cerebral hemisphere only a few small areas of the dura were 
stained. There was scarcely any staining over the dorsal surface of the 
cerebellum but there was intense staining of the surface of the superior 
and inferior colliculi, of the ventral surface of the brain stem, pons and 


Taste 4, Adrenaline output in cisternal effluent during intravenous infusion of 40 yg/kg/ 
min with inflow from cannula implanted into the right epicerebral subarachnoidal space, 
Numbers of experiments are as those of Table 2 


Expt. 2 | Expt. 20 
Minutes of Volume Adrenaline Volume Adrenaline 
perfusion (ml.) (ng/min) (ml.) (ng/min) 
10 1:3 2-6 

10- 30 1-9 28-5 | 2-4 15 

30— 60 2-7 40-0 2-3 42 

60— 90 2-3 33-0 2-4 29 

90-120 2-4 53-0 2-3 34 
120-150 2-7 44-0 2-2 26 
150-180 2-4 29 
180-210 2-2 26 


medulla oblongata. The base of the skull was also heavily stained. There 
was no staining of the floor of the fourth ventricle. These findings suggest 
that the perfused fluid flowed mainly over the ipsilateral cerebral hemi- 
sphere and then passed along the tentorium and base of the brain stem on 
to the cisterna. 

In three experiments in which the cat was lying on its belly in the usual 
way, with the head raised and neck slightly flexed, perfusion was started 
from the epicerebral subarachnoid space to the cisterna, but was later 
continued from the lateral ventricle to either the cisterna or the aqueduct. 
In one of these experiments the output of adrenaline during perfusion 
from the epicerebral subarachnoidal space was over 100 ng/min; it fell. to 
8 ng/min when the route of perfusion was from the lateral ventricle to the 
aqueduct. In the two other experiments the adrenaline output during 
perfusion from the epicerebral subarachnoidal spaces showed variation 
between 55 and 24 ng/min, and fell in both to 16 ng/min during subsequent 
perfusion from the lateral ventricle to the cisterna. When the cisternal 
cannula was finally replaced by an aqueductal cannula the adrenaline out- 
put fell to 6-6 ng/min in the one and to 1-5 ng/min in the other experiment. 

Perfusion of the spinal subarachnoidal space. Whether the route of 
perfusion was from the cisterna to the lumbar space or vice versa, the 
outflow was often less than the inflow. When adrenaline was infused intra- 
venously during such a perfusion it appeared in the effluent. This is shown 
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jn Table 5. In the first experiment of this table perfusion was effected 


from the lumbar space to the cisterna, in the third experiment it was in the 
opposite direction. In the second experiment the first two 15 min samples 
were collected from the lumbar space; then the direction of perfusion was 
reversed and the later samples were collected from the cisterna. In all 


Taste 5. Adrenaline output (ng/min) from the perfused spinal subarachnoidal space 
during intravenous infusion of 40 yg/kg/min. Numbers of experiments are as those of 
Table 2 


on Expt. 3 Expt. 18 Expt. 9 

15 15 | 0-8 
16 30 1-7 22-5 0-7 
60 5-4 6-0 
60— 90 8-4 14-0 
90-120 11-7 34 26-0 
120-150 34-0 26-0 
150-180 44-0 138 | 26-0 

180-210 139 


The direction of the arrows indicates whether perfusion is from lumbar space to cisterna 
(+) or vice versa ( | ). 


three experiments the output became high in the course of the infusion 
and corresponded to values obtained in experiments in which the cranial 
subarachnoidal space was perfused or in which the direction of perfusion 
was from the lateral ventricle to the cisterna, including part of the 
subarachnoidal space. 


Appearance in c.s.f. of adrenaline during its intravenous infusion 
In one experiment adrenaline 40 yg/kg/min was infused intravenously 
for 2 hr; 1 ml. c.s.f. was then removed from the cisterna and 15 min later 
another 0-6 ml. from the lumbar space. Both samples were assayed on the 
rat uterus treated with lysergic acid. The assay of the cisternal sample 
yielded 1-7 yg, that of the lumbar sample 1-3 yg adrenaline/ml. 


DISCUSSION 


The present experiments show that adrenaline can pass from the blood 
stream into the perfused cerebral ventricles and the subarachnoidal 
space surrounding the brain and spinal cord. This finding agrees with 
observations by Wallace & Brodie (1940) that intravenous bromide and 
iodide enter the c.s.f. in the ventricular cavities as well as in the epicere- 
bral and lumbar subarachnoidal space. 

Not all experiments in which the rate of entrance into these different 
compartments has been compared were done under conditions which 
actually allowed such comparisons to be made. It seems, however, clear 
that different substances behave differently. For instance, the passage 
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of labelled sodium and penicillin into the ventricular spaces appears to 
be greater than into the subarachnoidal space (Dumoff-Stanley, Dowling 
& Sweet, 1946; Sweet, Selverstone, Solomon & Backay, 1949), whereas 
the reverse is true for nitrous oxide (Bessman, Alman, Hayes & Fazekas, 
1952). Labelled albumin also was found in greater concentration in the 
c.s.f. of the spinal subarachnoidal space than in that collected from any 
other part. These experiments were, however, done on hydrocephalic 
children (Fishman & Ransohoff, 1955). In our experiments more adrenal- 
ine appeared in the effluent from the perfused subarachnoidal space than 
in that from the cerebral ventricles. 

The choroid plexus cannot be the site of passage for the adrenaline 
entering the subarachnoidal space but it could be the site for entering the 
cerebral ventricles. We do not know if the adrenaline in the subarachnoidal 
space originates from the meningeal vessels and passes from these directly 
into the subarachnoidal space, or whether it passes first from the blood 
capillaries into the intra- or extracellular fluid of the brain. 

That diffusion can occur from the brain tissue into the cerebral ventri- 
cular and subarachnoidal space has been shown for acetylcholine. Provided 
its destruction is prevented by an anticholinesterase, acetylcholine appears 
in the subarachnoidal space as well as in the cerebral ventricles (MacIntosh 
& Oborin, 1953; Burns & MacIntosh, 1955; Bhattacharya & Feldberg, 
19586). As this acetylcholine is not derived from the blood but released 
_ from the nervous tissue these results cannot be directly applied to the 
present ones with adrenaline. However, the following findings would be 
compatible with the idea that adrenaline does not pass directly from the 
blood vessels into the subarachnoidal space, but passes first into the tissue 
spaces of the brain or spinal cord. There is little or no passage of adrenal- 
ine into the subarachnoidal space during the initial period of intravenous 
adrenaline infusion whilst the arterial blood pressure is high; there is 
always a delay, the maximal output of adrenaline occurring only after 
intravenous infusion for 30-60 min. There is a lack of quantitative rela- 
tionship between output of adrenaline and plasma-adrenaline levels. 

The amounts of adrenaline used for intravenous infusion were greater 
than would usually be released into the circulation, and the question there- 
fore arises whether adrenaline released under physiological conditions 
occurs in detectable amounts in the c.s.f. The finding that c.s.f. or per- 
fusate, when collected before an intravenous infusion of adrenaline was 
begun, sometimes exerted an adrenaline-like effect on the rat uterus, cou!d 
be taken as evidence for the passage of endogenous adrenaline from the 
blood into the c.s.f., although it is not certain whether the adrenaline 
originated from the blood stream. However, the fact that in one experi- 
ment at least the blood removed at the same time yielded a high adrenaline 
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equivalent makes it likely that the effect produced by the c.s.f. and 
perfusate, in the absence of artificially administered adrenaline, was also 
due to adrenaline itself which had been released into the circulation. 

Minute amounts of adrenaline have also been found by Vogt (1954) 
in the c.s.f. of cats, although none had been administered. Its presence 
in human c.s.f. has been reported by Weil-Malherbe & Liddel (1954) and 
by Manger, Schwarz, Baars, Wakim, Bollman, Petersen & Berkson (1957). 

Feldberg & Sherwood (1954) discussed the possibility that ‘exhaustion’ 
or ‘fatigue’ which follows strong emotional disturbances and other 
conditions associated with the sympatho-adrenal discharge described by 
Cannon (1929) in so-called emergency states results from the passage of 
circulating adrenaline into the c.s.f. of the ventricular cavities. In our 
experiments with exogenous adrenaline its passage into the ventricular 
spaces was less than into the subarachnoidal spaces. Nevertheless, the 
presence of even minute amounts of adrenaline in the ventricular fluid may 
suffice to produce a condition of languor. If this is so, then we would have 
to assume that the release of adrenaline into the blood stream would first 
produce heightened alertness by its action from the blood stream (Bonvallet, 
Dell & Hiebel, 1954; Rothballer, 1956) but later, after passing into the c.s.f., 
a condition of languor. 

SUMMARY 
1. In anaesthetized cats the cerebral ventricles and different parts of 
the subarachnoidal space were perfused with Locke’s solution at a rate of 
0-1 ml./min whilst adrenaline was infused intravenously at a rate of 40 yg/ 
kg/min. Under these conditions adrenaline was found to enter the perfusate 
in the cerebral ventricles and even more in the subarachnoidal space, as 
is shown by the following results: 

(a) When the direction of perfusion was from the lateral ventricle to the 
aqueduct, thus excluding the subarachnoidal space from the perfusion, 
the output of adrenaline in the aqueductal effluent was always small and 
varied between 1-2 and 7-7 ng/min. 

(6) When the direction of perfusion was from the lateral ventricle to 
the cisterna, so that the ventricles and part of the subarachnoidal space 


were perfused, the output of adrenaline in the cisternal effluent varied 


greatly and sometimes rose to over 100 ng/min, 

(c) When the direction of perfusion was from the epicerebral subarach- 
noidal space to the cisterna, thus excluding the cerebral ventricles from 
the perfusion, the output of adrenaline varied between 20 and over 
100 ng/min. 

(d) When the direction of perfusion was from the cisterna ‘. the Jum 
bar space, thus perfusing the spinal subarachnoidal space, the output of 
adrenaline also reached values of between 20 and over 100 sibaecnaise 
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2. On intravenous infusion of adrenaline into anaesthetized cats at a 
rate of 40 ug/kg/min the plasma adrenaline levels reached in different 
cats varied between less than 1 and more than 30 yg/ml., usually between 
4 and 10 pg/ml. There was no direct relation between plasma-adrenaline 
levels and output of adrenaline into the perfused ventricular and sub- 
arachnoidal space. | | 

3. The passage of adrenaline into the subarachnoidal space, and 
probably also into the ventricular cavities, occurs also when these spaces 
are not perfused with artificial salt solution, since adrenaline was found in 
the c.s.f. collected from the cisterna and lumbar space after a prolonged 
period of intravenous infusion of adrenaline 40 ng/kg/min. 

4. Cerebrospinal fluid or perfusate collected from the cisterna before 
an intravenous infusion of adrenaline usually produced no adrenaline-like 
effect on the rat uterus, but in a few experiments such an effect was 
obtained; that of perfusate corresponded to up to 10 ng/ml. and that of 
c.s.f. in one experiment to adrenaline 40 ng/ml. 

5, When assaying adrenaline by the depression it produced on the 
acetylcholine contraction of the rat uterus it was found that in larger 
doses it had a direct stimulating effect on the rat uterus. 
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Bhawe (1958) has shown that when histamine is injected into the lateral 


cerebral ventricle of an anaesthetized cat acid gastric secretion occurs. This 
secretion was attributed to passage of histamine into the blood stream and 
it was assumed that the histamine had passed from the ventricles into the 
subarachnoid space and then into the endocranial venous sinuses. The 
present experiments show that histamine also passes into the blood stream 
from the cerebral ventricles without entering the subarachnoid space. In 
addition, it was found that histamine perfused through the cerebral 
ventricles entered the brain tissue surrounding the ventricular cavities and 
that this uptake of histamine showed differences dependent on the structures 
of the ventricular wall. 


METHODS 


The experiments were carried out in cats anaesthetized by intraperitoneal injection of 
pentobarbitone sodium 35 mg/kg; additional pentobarbitone was injected when it became 
necessary in the course of the experiment. The trachea was cannulated. Histamine was 
usually perfused through the lateral and third ventricles: The fourth ventricle was not 
included in the perfusion since, in order to prevent the perfusion fluid from entering into the 
subarachnoid space, the effluent was collected from a cannula inserted into the aqueduct, as 
described by Bhattacharya & Feldberg (1956). The effluent was assayed for histamine after 
its volume had been measured. The absorption of histamine into the blood stream was shown 
by estimating the acid gastric secretion. 

Perfusion of cerebral ventricles. The fluid used for perfusion was that introduced by Merlis 
(1940) and later used by Leusen (1949). Its composition, which is approximately that of 
normal cerebrospinal fluid, is as follows (g/l.): NaCl 8-1; KCl 0-25; CaCl, 0-14; MgCl, 0-11; 


NaHCO, 1-76; NaH,PO, 0-07; CO(NH,), 0-13; and glucose 0-61. This solution will be referred 


to as artificial cerebrospinal fluid (artificial c.s.f.). A Collison cannula was implanted into the 
left lateral ventricle as described by Feldberg & Sherwood (1953). The perfusion was main- 
tained by a continuous slow injector (C. F. Palmer, Ltd.) at a rate of 0-1 ml./min. In order 
to insert the outflow cannula into the aqueduct the muscle layers covering the atlanto- 
occipital membrane and the lower part of the occipital bone were dissected away, and the 
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membrane was opened. The lower part of the vermis of the cerebellum was exposed by 
nibbling away the margins of the occipital bone at the border of the foramen magnum. This 
made it possible to lift the cerebellum gently with a small curved spatula from the medulla 
oblongata and to insert a fine polythene tube along the floor of the fourth ventricle into the 
middle of the aqueduct. Perfusion was always begun with artificial ¢.s.f. without histamine 
and was continued for more than 1 hr before the ventricles were — with histamine | 
1:1000 or 1:10,000 at a rate of 0-1 ml./min. 

Injections of histamine into the lateral ventricle and into the cisterna. In a Sew experiments 
the effect of an intraventricular injection of 500 ug histamine in 0-2 ml. volume on acid 
gastric secretion was examined under conditions which prevented the histamine from passing 
into the subarachnoid space. The ventricular cavities were first perfused for some time in the 
usual manner with artificial c.s.f. Perfusion was then stopped but the outflow was allowed 
to drain off from the aqueductal cannula; 0-2—0-3 ml. effluent was collected before the flow 
ceased. The aqueductal cannula was then closed by inserting a small glass stopper and the 
histamine was slowly injected through the ventricular cannula. 

In order to find out whether histamine was absorbed from the subarachnoid space it was, 
in one experiment, infused into the cisterna under conditions which prevented its entrance 
into the cerebral ventricles. The cisterna was cannulated by puncturing the atlanto-occipital 
membrane and c.s.f. fluid (0-8 ml.) was allowed to flow out; the perfusion pump was then 
connected to the cisternal cannula through a polythene tube and a 1: 1000 histamine solution 
was infused into the cisterna at a rate of 0-1 ml./min for 54 min. The dead space of the 
cannula was about 0-05 ml. so that the histamine was in fact infused for 5 min only. The 
infusion was stopped, the cisternal cannula was closed and kept closed during the following 
2 hr, during which acid gastric secretion was observed. In order to prevent any histamine 
from entering the cerebral ventricles, a counterflow of histamine-free fluid at half the rate 
was maintained from the implanted cannula during the 54 min period of histamine infusion. 


The evidence that histamine had not entered the cerebral ventricles was obtained when, at 


the end of the experiment, the procedure was repeated; but with dye instead of histamine in 
the fluid used for cisternal infusion. Post mortem the outside surface and meninges of the 
spinal cord and the base of the brain stem and hypothalamus were found to be deeply 
stained but there was no staining in the fourth, third or lateral ventricles, nor of the surface 
of the cerebral hemispheres. 

Acid gastric secretion was estimated by the method of Edkins (1906). The details of the 
procedure were essentially those described by Bhawe (1958). The cats were kept without food 
for 24 hr. A polythene tube was inserted into the stomach through a small cut on the anti- 
mesenteric border below the pyloro-duodenal junction, and after washing out the stomach 
it was filled with 15 ml. warm NaCl solution 0-9% (w/v) introduced through the poly- 
thene tube and allowed to remain in the stomach for 20 min. The solution was then removed 
and replaced by another 15 ml. NaCl solution 0-9 %, and the procedure was repeated every 
20 min. The volume of the 20 min samples was measured and their free HCl content titrated 
against 0-01n-NaOH, with Tépfer’s reagent as indicator. In several experiments the acid 
gastric secretion was compared with that produced by a slow infusion of histamine into the 


femoral vein through a continuous slow injector. 


Histamine uptake by brain tissue 

In order to determine the amounts of histamine taken up by various parts of the brain, 
samples of tissue were removed from different regions lining the ventricles and also from 
parts away from the perfused area. After perfusion of the cerebral ventricles with histamine 
1:1000 for 1 hr and then with artificial c.s.f. for 20 min the cat was killed by an intravenous 
overdose of pentobarbitone sodium. The brain was quickly removed and cut in the mid line. 
Unless otherwise stated the tissue samples were taken from the left half of the brain, the side 
of cannulation of the lateral ventricle. Small blocks of tissue, usually weighing 20-40 mg 
4-2 
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but sometimes as much as 70 mg, were cut out with fine scissors, dipped into a few milli- 
litres of artificial c.s.f., gently dried on filter paper, weighed in small tin-foil cups on a torsion 
balance and then at once ground in a mortar with a small volume of n/3-HCl, boiled for 
1-2 min, neutralized with N/3-NaOH after cooling, filtered and assayed for histamine. The 
following parts of the brain were taken: 

Hypothalamus. First the hypophysis was cut off and discarded, then a nearly square 
tissue sample of about 2 mm depth was cut out of the hypothalamus. Its position and shape. 
are shown in the inset of Fig. 6. The upper side of the square runs through the lower part of 
the massa intermedia; the lower side is formed by the floor of the third ventricle; anteriorly 
the square extends to a line passing through the optic chiasma and the anterior commissure, 
and posteriorly to a line just in front of the mamillary bodies and the beginning of the 
aqueduct. This tissue sample will be referred to as superficial hypothalamus. From the 
same site a further, deeper sample of tissue was cut out, also about 2 mm in thickness. This 
sample will be referred to as deep hypothalamus. In three experiments 125-150 sagittal 
sections of 40 » thickness were cut out from a frozen block of the same region of the hypo- 
thalamus shown in the inset of Fig. 6. The first 40-52 sections were extracted and assayed 
in groups of four, the later ones in groups of eight. 

Caudate nucleus. From the body of the caudate nucleus in the floor of the lateral ventricle, 
near the interventricular foramen, two tissue samples, a superficial and a deep, each about 
2 mm thick, were removed from the same site. They will be referred to as caudate nucleus, 
superficial and deep. _ 

Septum pellucidum. The medial wall of the lateral ventricle anterior to the interventricular 
foramen was cut out. 

Massa intermedia. The massa was transected when the Lande seve dinided ie half. By 
cutting along the margin of the massa intermedia of the left half, a layer of tissue, about 
2 mm thick, was removed. 

Lateral wall of lateral ventricle. A square block of about 7 mm x 2 mm was cut from the 
central part of the ventricle; it contained white matter of the corona radiata. 

Fimbria, The medial wall of the lateral ventricle was folded back and the exposed white 
tissue along the hippocampus was cut off. 

Whole brain. After removal of the cerebellum and brain stem by cutting the mid-brain 
at the intercollicular level, the brain was divided in the mid line and each half was ground 
with sand in n/3-HCl about 1 ml./g. 7 further procedure of extraction was the same as for 
the tissue blocks. 

Assay of histamine. The extracts of brain tissue as well as the effluent collected during and 
after perfusion of the cerebral ventricles were assayed for histamine on the guinea-pig ileum 
preparation suspended in 15 ml. oxygenated Mg-free Tyrode solution at 34° C containing 
atropine 1/3 x 10-’. When extracts of brain tissue were assayed no precautions were taken 
to avoid interference by other substances in the extracts which either cause contraction or 
sensitize the preparation to histamine. When extracts yielding high histamine values per 
gram tissue were assayed, only small amounts of tissue (1 mg or less) needed to be added to 
the bath; the values so obtained can be taken as representing the true histamine content, 
_ since these amounts of tissue from a brain not perfused with histamine did not stimulate 
the guinea-pig gut and did not potentiate the action of histamine. On the other hand, when 
the tissue contained less than 5 yg histamine per gram larger amounts of extract were 
required for testing; the actual histamine content of the extract may therefore have been 
somewhat lower than the values recorded. In some of these assays giving low histamine 
values it was in fact found that a residual contraction remained when the extract was tested 
after the addition of mepyramine (0-003 yg/ml.), which abolished equivalent histamine 
contractions. However, since we were not interested in the exact histamine content of 
samples which yielded only 5 pg/g tissue or less, purification of the extracts was not attempted. 
All values given for histamine in this paper refer to the base. 
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RESULTS 
Acid gastric secretion 


Perfusion with histamine 1:1000 from the lateral ventricle to the 
aqueduct resulted in acid gastric secretion. A central effect of histamine, 
mediated either via the vagi or’by release of adrenocorticotrophic hormone, 
which in its turn would release adrenocortical hormones capable of pro- 
ducing acid gastric secretion (French, Longmire, Porter & Movius, 1953; 


Porter, Movius & French, 1953), could be excluded, since the secretion 


occurred also after section of the vagi and after removal of the suprarenals. 
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Fig. 1. Acid gastric secretion (ordinate) produced in a 2-6 kg cat under pento- 
barbitone sodium anaesthesia by two 1 hr periods of perfusion of the cerebral 
ventricles with histamine 1:1000 at a rate of 0-1 ml./min. The solid lines on top 
give the periods of histamine perfusion (A) before and (B) after cutting the vagi 
in the neck (at arrow). 


_ Figure 1 illustrates the acid gastric secretion produced by perfusion of the | 
- cerebral ventricles with histamine, and the fact that the secretory response _ 


persists after dividing the vagi. A similar result was obtained by Bhawe 
(1958) with intraventricular injections of histamine. 

The maximal acid gastric secretion, produced during the perfusion with 
histamine 1: 1000, amounted in some cats to less than 0-5 ml., in others to 
more than 5 ml. n/100-HCl per minute. These great variations result, not 
from differences in the rate of absorption of histamine into the blood 
stream, but from differences in the sensitivity of the oxyntic cells. The acid 
gastric secretion, whether it was weak or strong, corresponded always to 
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that produced by an intravenous infusion of 1-2 wg histamine per minute. 
This is illustrated in Fig. 2, which gives the results obtained in three cats. 
In cat A the secretory response to perfusion of the cerebral ventricles with 
histamine 1:1000 for 1 hr was weak, in cat B it was intermediate, and in 
cat C it was strong. But the response was always of the same order as that 
obtained with intravenous infusion of histamine at 1-2 ug/min for 1 hr. The 
figure shows also that when histamine was applied by the same route for 
a second time the response was greater. This was usually observed. 
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Fig. 2. Acid gastric secretion (ordinate) produced in three cats under pento- 
barbitone sodium anaesthesia. Comparison of the secretion produced by perfusion of 
the cerebral ventricles with histamine 1:1000 at a rate of 0-1 ml./min with that 
produced by intravenous infusion of 1-2 ug histamine per minute. (A) 2-6 kg cat 
showing a weak, (B) 2-6 kg cat showing an intermediate, and (C) 2-5 kg cat showing 
a strong secretory response. The solid horizontal lines give the periods of cerebral 
ventricular perfusion (0.v.P.) and of intravenous infusion (1.v.) of histamine. 3 


_ The onset of secretion and its rise during the | hr periods were similar 
whether the hisatmine was infused intravenously or perfused through the 
cerebral ventricles. This was particularly striking in those experiments in 
which the secretory responses were small and delayed. If acid secretion 
failed to appear during the first 20 min period, it did not occur after 
histamine was administered by either route. However, since the periods 
of sampling of fluid from the stomach were always 20 min, differences of 


_a few minutes in the onset of secretion would scarcely have been revealed. 


There was one difference in the time course of secretion. When the intra- 
venous infusion of histamine was stopped, the secretion decreased rela- 
tively quickly and often came to an end within 1 hr. On the other hand, 
on perfusion of the cerebral ventricles the maximal acid secretion was 
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sometimes obtained in the 20 min sample collected after the end of the 
histamine perfusion (see cat B, Fig. 2); in some experiments this sample 
contained.as much acid as the sample collected during the last 20 min of 
histamine perfusion (see cat A, Fig. 2). Further, the acid gastric secretion 
continued at a slowly diminishing rate but on a low level for several hours 
(see cat C, Fig. 2). 
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Fig. 3. Acid gastric secretion (ordinate) produced in a 2-4 kg cat under pento- 
barbitone sodium anaesthesia. Comparison of the secretion produced by per- 
fusion of the cerebral ventricles with histamine 1:10,000 at a rate of 0-1 ml./min 
with that produced by intravenous infusion of 1-2 ng histamine per minute. The 
solid horizontal lines give the periods of cerebral ventricular perfusion (C.V.P.) 
and of intravenous infusion (1.v.) of histamine. 


From the fact that the perfusion of the cerebral ventricles with histamine — 
1: 1000 produced an acid gastric secretion similar to that obtained on intra- 
venous infusion of 1:2 ug/min, we may conclude that during the 1 hr 
perfusion with 6000 ng histamine about 72 yg passed into the circulation, 


‘and even when we take into account the small additional amounts of 


histamine which must have entered the circulation during the following 
hours whilst acid gastric secretion continued at a low level, the total 


_ amount which entered the circulation cannot have been more than 100 yg 


histamine and was probably less. 

Acid gastric secretion occurred also when the cerebral ventricles were 
perfused with histamine 1:10,000 but the effect was less than that pro- 
duced by intravenous histamine 1-2 »g/min, as is shown in Fig. 3. Thus 
less histamine is absorbed than during perfusion with histamine 1:1000. 
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The amount absorbed, as shown by the three experiments of Fig. 4, 
appeared to be about 0-15 »g/min. In each experiment the maximal rate 
of acid gastric secretion was about 0-5 ml. n/100-HCI per minute, and this 
secretion was less than that produced by intravenous histamine 0-6 and 
0-3 g/min and more than that produced by 0-075 yg/min; it was about 
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Fig. 4. Acid gastric secretion (ordinate) produced in three cats under pento- 
barbitone sodium anaesthesia. Comparison of secretion produced by 1 hr perfusion 
of the cerebral ventricles with histamine 1: 10,000 at a rate of 0-1 ml./min with that 
of intravenous infusion. The amounts infused per minute intravenously are given 
by the figures in the histograms. Cat A (2-3 kg) 0-6 pg/min; cat B (2-4 kg) 
0-3 pg/min; cat C (2-1 kg) 0-075 and 0-15 ug/min. The unmarked first response in 
all three cats is due to the perfusion of the ventricles with the histamine. The 
horizontai lines give the periods of ventricular perfusion or intravenous infusion of 


equal to, or slightly greater than, that produced by 0-15 wg/min. This 
would correspond to a passage into the blood stream of about 10 pg 
histamine during the one hour from a total of 600 yg perfused through the 
cerebral ventricles. 
Histamine is also absorbed from the subarachnoid space, since it pro- 
duced acid gastric secretion when infused into the cisterna under conditions 
in which its entrance into the cerebral ventricles was prevented. This is 
shown in the experiment Fig. 5. | 
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Fig. 5. Acid gastric secretion (ordinate) produced in a 2:5 kg cat under pento- 
barbitone sodium anaesthesia by introduction of 500 yg histamine into the 
cisterna. At the arrow 0-5 ml. histamine 1: 1000 infused intracisternally at a rate 
of 0-1 ml./min. Cisternal cannula closed for 2 hr, as indicated by the horizontal 
line. 
Recovery of histamine in aqueductal effluent 
During the perfusion with histamine 1:1000 or 1:10,000 at a rate of 
0-1 ml./min for 1 hr, the amount of fluid collected from the aqueduct was 
6 ml. or a little more. There was therefore no net fluid loss. Nor was there 
any fluid loss when perfusion was continued without histamine. On the 
other hand, histamine could not be fully recovered from the effluent. This 


_ is shown in Tables 1 and 2. 


Table 1 summarizes the results of seven experiments in which histamine 
1:1000 was perfused, and gives for each experiment the histamine re- 
covered in successive 20 min samples of aqueductal effluent. The first 
three 20 min samples collected whilst the 6 ml. histamine 1:1000 was 
perfused through the ventricles contained large amounts of histamine but, 
with the exception of one sample, less than 2000 ug. When perfusion was 
continued without histamine there was a rapid fall of histamine in the 
effluent. The first 20 min sample still contained between 100 and 200 yg, 
and in one experiment even more, but the second and particularly the 
third sample following the histamine perfusion usually contained less than 
10 ug. Small amounts of histamine continued to appear in the effluent for 
several hours, as is shown in the last three experiments in the Table. By 
adding up these amounts it was found that the prolonged perfusion had 
added only another 25-45 yg to the recovery. Thus when determining the 
recovery in the effluent the error introduced by stopping the perfusion 
1 hr after the histamine perfusion is negligible. 

The recovery in the seven experiments of the Table varied between 4785 
and 5761 wg (mean 5167 yg). This is a mean loss of 833 yg or of 14°. When 
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considering this loss one should bear in mind the 5 % error involved in the 
assay of histamine. For the later samples, which contain relatively small 
amounts of histamine, this error would amount to a few yg only, but for 
the first three samples collected during the histamine perfusion, in which 
most of the histamine is recovered, this error could add up to nearly 300 yg. 

The recovery of histamine in the aqueductal effluent during perfusion 
with histamine 1:10,000 is shown for four experiments in Table 2. The 
duration of perfusion with histamine was | hr in three experiments and 


‘ TABLE 1. Histamine recovered (yg) in successive 20 min samples of aqueductal effluent 
a during perfusion for 1 hr with histamine 1:1000; total amount perfused 6000 yg 


Expt. no. 
q Sample 4 5 6 7 
f 1 1820 1740 1270 1670 1680 1450 1450 
i | 1800 1670 1700 1680 1600 1670 
oo 3 1820 1600 1700 1670 1520 1600 1600 
4 4 110 150 130 104 164 168 366 
4 5 7 10 9 12 19 20 
6 4 3 5 6-4 10 16 
7 — 10. 9 7 
q 10 2-5 4-8 2-4 
ll ~ 2-5 3-2 1-7 
12 — — 2:5 15 
17 — — — 0-27 0-3 
19 — — — 0-16 0-12 
Total § 5761 5300 4785 5159 5094 4895 5139 
recovery 
1 TaB.LE 2. Histamine recovery during perfusion with histamine 1:10,000; histamine content 


(ug) in successive 20 min samples of aqueductal effluent. In Expts. 1-3, perfusion with 


J histamine was continued for 1 hr, in Expt. 4 for 2 hr. Total amount of histamine perfused, 
600 and 1200 respectively 

Expt. no. 
| 145 148 1 145 
A 2 170 167 145 160 
ft) 3 175 167 150 160 
7! 4 14 14:8. 17 145 
i 5 3 1-5 3 145 

i: 6 1-4 0-64 — 160 

q 7 0-8 0-34 11-6 
ts 8 0-44 0-21 2-2 
9 0-28 0-11 — 
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2 hr in one. The time course of recovery was similar to that found in the 
perfusions with histamine 1: 1000. The loss in the three experiments, in 
which 600 ng histamine was perfused during 1 hr, was between 90 and 
140 wg, and in the one experiment in which 1200 yg was perfused during 
2 hr, the loss was 271 ug. The mean loss in all four experiments was 19%. 

Protein content. When an equal amount of concentrated nitric acid was 
added to a sample of c.s.f. collected from the cisterna a faint but definite 
opalescence was obtained, indicating the presence of small amounts of 
protein in the c.s.f. This test was always negative when applied to samples 
of aqueductal effluent collected during perfusion of the cerebral ventricles, 
TaBLE 3. Histamine content (g/g fresh tissue) of various parts of the left half of the brain 


and of the choroid plexus after perfusion for 1 hr of the cerebral ventricles with histamine 
1:1000 from the cannulated left lateral ventricle 


Expt. no. ~ 
Tissue samples | 2 3 4 5 6 7 8 9 10 Mean 

Hypothalamus 104 114 111 137 111 — 160 173 333 148 155 

(superficial) | 
Hypothalamus (deep) — 60 58 4 23 — — 44 
Massa intermedia — — — — 1442 — 86 652 77 
Septum pellucidum 320 266 125 242 182 200 363 470 250 200 262 
Caudate nucleus — 200 172 250 211 143 363 190 333 225 232 

(superficial) 
Caudate nucleus (deep) — — 30 50 32 — — — — — 37 
Lateral wall of 16 60 IL 88 —- — — 40 4 

ventricle 
Fimbria — — 45 235 27 32 222 47 «31 42111 94 
Choroid plexus 33.16 2 — — 2 B87 34 


whether with or without histamine. A different result was obtained in the 
experiments in which 500 yg histamine in 0-2 ml. artificial c.s.f. was injected, 
either into the ventricle or into the cisterna. The fluid was kept in these 
spaces so as to allow any protein to accumulate. When the aqueductal or 


_ cisternal cannula was opened 2 hr later, between 0-4 and 1-2 ml. of fluid 


flowed out under pressure. This fluid contained large amounts of protein 
and gave a heavy precipitate when treated with concentrated nitric acid. 
Such an effect did not occur when 0-2 ml. artificial c.s.f. without histamine 
was injected intraventricularly, although there was also a similar rapid 
outflow of fluid when the aqueductal cannula was opened 2 hr later; this 
fluid gave a just-perceptible opalescence when treated with concentrated 
nitric acid. This shows that histamine leads to the appearance of large 
amounts of protein in the c.s.f. 


Uptake of histamine by brain tissue 
The histamine content of the various samples of brain tissue examined 
after 1 hr perfusion of the cerebral ventricles with histamine 1:1000 is 
shown in Table 3. The content is expressed in g/g fresh tissue. 
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High histamine values (between 104 and 470 ug/g) were regularly found 
in the samples of tissue taken from regions of grey matter lining the 
ventricles; i.e. hypothalamus (superficial), caudate nucleus (superficial) 
and septum pellucidum. In all but one experiment the values for the 
caudate nucleus and septum pellucidum were higher than for the hypo- 
thalamus. But there were no great differences between caudate nucleus 
and septum pellucidum, sometimes the one and sometimes the other giving 
the higher value. 

The deeper layers of the hypothalamus and caudate nucleus contained 
23-59 wg histamine per gram. Although these values are lower than 
those of the corresponding superficial tissue layers, they provide evidence 
that histamine had passed from the ventricular surface into these distant 
layers of grey matter, since their normal histamine content was 5 ug/g or 
less. 


Histamine (pg/g tissue) 


see 


800 1600 2400 3200 4000 4800 5600 6400 
Distance from ventricular surface (y) 


Fig. 6. Penetration of histamine into the wall of the hypothalamus after perfusion 
of the lateral ventricles with histamine 1:1000 for 1 hr. Three different experi- 
ments: —— Expt. A, --— Expt. B,-+- Expt. C. Histamine content in yg/g of 
frozen sections cut parallel to the ventricular surface. Inset: diagram of the 
medial aspect of the diencephalon; the block for tissue sections was taken from the 
area indicated by the square. 


In three experiments the penetration of histamine was studied in more 
detail in frozen sections of the hypothalamus cut parallel to its ventricular 
surface. The results are given as histograms in Fig. 6. In experiments A 
and B the histamine content of the first 16 sections was 200 ug/g or more; 

thereafter the histamine values fell rapidly with each group of four sections, 

and values of less than 5 yg/g were obtained after about 80 sections. In 
experiment C the histamine content of the first sections was only just over 
130 yg/g, but in the subsequent sections it declined about as rapidly as in 
the other two experiments. From these results it is evident that histamine 
penetrates into the hypothalamus for at least 2-5 mm. 
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In experiment A, after the last frozen section was cut, the remainder of 
the block was fixed in formalin for histological examination and the first _ 
section cut from this block was stained for cells and fibres with Luxol Fast 
Blue according to the procedure of Kliiver & Barrera (1953). It corres- 
ponded in Hess’s atlas of the cat’s brain (Hess, 1932, 1956), to the sagittal 
section in plane 180, which is over 4 mm from the mid line. This agrees well 
with the number of frozen sections cut, since 112 sections of 40 ug had been 
removed before the block was fixed in formalin. : 

In experiment A, after the histamine value of the frozen sections had fallen to 4-4 ug/g, 
it started to rise again and reached a value of 9-5 ug/g in the last 8 frozen sections. In the 
other two experiments there were also small transient increases in the histamine values after 
they had fallen to a low level. These rises cannot be fully explained. They may reflect a 
penetration of histamine from the lateral ventricle; for instance, in experiment A, in which 
the remainder of the block was fixed in formalin, the last section had actually passed through 
the tip of the inferior horn. Or they may reflect the presence in these regions of the brain of 


larger amounts of naturally occurring gut-stimulating substances other than histamine, 
such as substance P or 5-HT. The problem has not been further examined. 


The massa intermedia was examined in four experiments. In three the 
histamine values were just over 50 ug/g, which corresponds to the values 
obtained for the deeper layers of the hypothalamus and caudate nucleus, 
In one experiment the value was 142 ug/g. This high value could be the 
result of a more effective penetration of histamine in this particular experi- 
ment, but it could just as well be due to the fact that the piece of tissue 
removed contained a larger proportion of tissue from near the ventricular 


gurface. 


The white matter of the lateral wall of the central part of the lateral 
ventricle yielded in each experiment considerably lower histamine values 
than the grey matter lining either the lateral ventricle (septum pellucidum, © 
caudate nucleus) or the third ventricle (hypothalamus). This finding 
suggests that histamine passes less readily into the white matter than into 
the grey. The values showed great individual variations, i.e., between 11 
and 80 ug/g. The lowest value, of 11 ug/g, was obtained in an experiment 
in which the values for other parts of tissue lining the lateral ventricle 
were also low in comparison with other experiments. Perfusion of the 
ventricle may thus have been less thorough in this experiment than usual. 


- This explanation would not apply to the second-lowest value of 16 ug/g 


obtained for the white matter of the lateral wall. If the histamine were to 
pass only a very short distance into the white matter, small differences in 
thickness of the tissue samples would greatly affect their histamine value 


- and differences in thickness of the tissue samples taken may therefore have 
contributed to the wide individual variations observed. 


The greatest individual variations were obtained with fimbria which 
consists of white matter. The values varied between 27 and 237 ng/g. On 
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the assumption that the histamine passes less readily into white than into 
grey matter, low values would have been expected, and were in fact 


obtained in five out of eight experiments. An explanation for the two 


exceptionally high values may be the thinness of the fimbria. 


No histamine had apparently reached the floor of the fourth ventricle, 


the cerebellum and the suprasylvian or lateral gyrus of the cerebral cortex, 
since the histamine equivalents obtained with tissue samples from these 
regions, which are far removed from the perfused ventricular surface, were 
between 1 and 6yg/g. Values of the same order were also obtained in corre- 
sponding tissue samples obtained in control experiments in which the 
ventricles had been perfused with artificial c.s.f. not containing histamine. 
Since relatively large amounts of tissue extracts had to be used for the 
assay of these tissue samples their actual histamine content may have been 


even less than these low values (see Methods). 


Tasie 4, Histamine content (ug/g fresh tissue) of various parts of the right half of the 


brain and of the choroid plexus after perfusion of the cerebral ventricles with histamine 
1: 1000 from the cannulated left lateral ventricle. The experiment numbers refer to those in 


Table 3 
Expt. no, 
Tissue samples 3 4 5 9 10. Mean 
Septum pellucidum ; 45 73 21 300—s—‘é‘ 38-0 
Caudate nucleus (superticial) © — — ae 17 | 5 11-0 
Lateral wall of lateral ventricle — = —— 8 5 6-5 
Fimbria 29 2 15-5 
Choroid plexus — 9 5 7:0 


In a few experiments tissue samples were taken from the non-cannu- 


lated, right half of the brain. The histamine values are given in Table 4 
and are lower than those of the corresponding tissue samples from the 
cannulated side. This is not surprising, since experiments in which a 0-2 °%, 
solution of Evans Blue was perfused through the cerebral ventricles had 
shown that the lateral ventricle was less stained on the non-eannulated 
than on the cannulated side; the staining was o‘ten slight and sometimes 
even absent. The uneven perfusion did not extend to the third ventricle 
and accordingly the values for the superficial hypothalamus were also high 
when taken from the right half of the brain. In fact, the values for experi- 
ments 7 and 8 in Table 3 were obtained from the right side and the value 
for experiment 2 from both sides of the hypothalamus. 

In several experiments the histamine content of the choroid plexus of 
the left lateral ventricle was determined; sometimes the samples included 
the plexus of the third ventricle. They contained between 15 and 57 yg/z 
(mean 34 ywg/g). These values indicate an uptake of histamine from the 
perfusion fluid, since the histamine equivalents for choroid plexus in tw» 
experiments in which the ventricles were perfused with artificial c.s.f. not 
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containing histamine were 8 and 7 yg/g only. There was no appreciable 
uptake of histamine by the choroid plexus of the non-cannulated ventricle, 
for in two histamine perfusion experiments in which the choroid plexus of 
the right lateral ventricle was also examined its histamine values were 
9 and 5 ug/g. 

In three experiments the histamine content of both halves of the brain 
was determined without the cerebellum, the brain being cut at the inter- 
collicular level just caudal to the tip of the aqueductal cannula. The results 
are shown in Table 5. The mean histamine content of both halves together 
was 116 ng. The actual histamine uptake by the brain is likely to be lower, 
since no corrections were made for the normal histamine content of the 
brain or for sensitizing substances present in brain extracts. 


TaBLE 5, Histamine content of brain after perfusion of the cerebral ventricles 
from the cannulated left ventricle with histamine 1: 1000 for 1 hr 


Histamine in brain Deficit of 
(ug) histamine in 
r A aqueductal 
Pe Left Right Total effluent 

Expt. no. half half brain | (ug) 
1 60 49 109 620 
2 71 27 98 840 
3 121 20 14] 653 


In the three experiments of Table 5 the histamine was also assayed in the 
aqueductal effluent. As in other experiments of this kind, the 6000 yg 
histamine infused during the 1 hr period was not fully recovered in the 
effluent and the last column gives the loss for each experiment (averaging 
704 ug). Since the histamine recovered from the brain was of the order of 
100 ug and the absorption into the blood stream, as measured by the acid 
_ gastric secretion, accounted for at most another 100 yg, there remains an 
unaccounted loss of about 500 yg histamine. A few preliminary experi- 
ments were carried out to see whether this loss could be explained by 
enzymic destruction of histamine. However, when histamine was added to 
homogenized brain tissue or tissue of the choroid plexus and incubated for 
l hr at 37° C it was recovered almost quantitatively. 


DISCUSSION 


_ The present experiments show that histamine can be absorbed into the 
blood stream from the cerebral ventricles without entering the sub- 
arachnoid spaces, In addition, on its passage from the lateral ventricle to 
the aqueduct, histamine is taken up by the brain tissue and by the choroid 
plexus. 

Histamine could have been absorbed into the blood stream by capillaries 
of either the choroid plexus or of the brain tissue itself. If the absorption 
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_ took place via the choroid plexus the histamine would have to pass 
through a layer of epithelial cells and then through a layer of connective 
tissue before reaching the capillary structures. If the absorption were 
through the brain capillaries, the histamine would also have to pass first 
through an epithelial layer, the ependyma, and then through a layer of 
nervous tissue. Since histamine was shown to pass into the choroid plexus 
as well as into the brain substance surrounding the ventricles it is not 
possible to state whether the passage into the blood is through the vessels 
of the choroid plexus or of the brain tissue or of both. 

Histamine can also be absorbed from the subarachnoid space. This is 
shown by the fact that acid gastric secretion occurs also on injection of 
histamine into the cisterna under conditions which prevent its entrance 
into the cerebral cavities. The histamine may either enter directly into the 
small vessels which are so abundant in the subarachnoid spaces, or it may 
be absorbed by special structures such as the arachnoid villi. Some ab- 
sorption may also occur via those parts of the choroid plexus which pro- 
trude through the lateral recesses into the subarachnoid space. It is, 
however, not necessary to assume that histamine reaches the epicerebral 
cranial spaces and is then absorbed via the endocranial sinuses, since we 
found that dye injected intracisternally under similar conditions did not 
reach the upper surface of the cerebral hemispheres. 

The uptake of histamine from the ventricles into the brain tissue lining 
these cavities and its deep penetration into the grey matter within one 
hour is of interest in connexion with the fact that substances injected into 
the ventricular system of conscious cats produce profound changes in 
behaviour. These changes resemble in many respects those which Hess 
(1932, 1956) obtained in his classical experiments on electrical stimulation 
of diencephalic structures. In Hess’s experiments the stimulating elec- 
trodes were placed at different points of the diencephalon, but responses 
were obtained predominantly from points within 3 mm of the mid line, 
i.e., from a region which can be easily reached by substances penetrating 
from the cerebral ventricles, as is shown by the — experiments with 
histamine. 

The finding that the ssn of histamine a icin tissue occurs more 
readily in grey than in white matter, and the observation that there are 
also differences in histamine uptake between different regions of grey 
matter lining the ventricles, are at variance with conclusions reached by 


other authors. For instance, Spatz (1933) concludes that the penetration — 


of dyes from the outside or inside of the brain surface progresses .on 4 
broad front independent of any structural differences. The brain behaves, 
as he says, like a colloidal mass. More recently Bakay (1956) states that 
‘we have no reason to believe that an isotope follows any particular path- 
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way of absorption within the brain. The process starts with a diffuse 
inhibition of the superficial layers. In microscopic radio-autographs P32 
seems to invade the brain from thé cerebrospinal fluid diffusely.’ 

A different result, however, was recently obtained by Roth, Schoolar & 
Barlow (1959), who injected labelled acetazoleamide (Diamox) intra- 
yenously into cats and found that it is first secreted into the cerebral 
ventricles and then passes into the brain tissue. This uptake was found to 
be more pronounced in the grey matter lining the ventricles and the 
aqueduct than in the white matter. Similarly when the Na-salt of the dye 
bromophenol blue is perfused through the cerebral ventricles, it is also 
taken up predominantly by grey matter (Feldberg & Fleischhauer, 1959). 
The fact that not only histamine but other substances as well pass more 
readily from the ventricular cavities into the grey matter than into the 
white suggests, therefore, that it is not the ability of histamine to increase 
capillary permeability which is the cause of its deep penetration into the 
grey matter. Nevertheless, histamine increases capillary permeability 
when injected into the cerebral cavities or into the subarachnoid space. 
This is evident from the appearance of protein in the ventricular and sub- 
arachnoid fluid after such injections. Histamine may also increase the 
permeability of ependymal cells, which might facilitate its passage into the 
brain tissue, but this could not explain the differences in penetration of 
grey and white matter. 


SUMMARY 


1, In cats anaesthetized with pentobarbitone sodium the cerebral 
ventricles were perfused from a cannula implanted into the left lateral 
ventricle to the cannulated aqueduct with solutions of histamine 1: 1000 
or 1:10,000 at a rate of 0-1 ml./min and for periods of 1 hr. 

2. The histamine perfusion caused acid gastric secretion. This secretion 
was not a central effect of histamine mediated either via the vagi or by a 
liberation of adrenocorticotrophic hormone and subsequent release of 
adrenal cortical hormones. The secretion is attributed to absorption of 
histamine from the ventricles into the blood stream. 

3. The amounts of histamine absorbed from the ventricles into the 
blood stream were assessed by comparing the secretion with that produced 
by intravenous infusions of histamine. On perfusion of the ventricles with 
histamine 1:1000 the absorption corresponded to about 1-2 »g/min, or 
during perfusion for 1 hr to less than 100 yg. On perfusion with histamine 
1;10,000 the absorption corresponded to about 0-15 yg/min, or during 
perfusion for 1 hr to about 10 yg. 

4. Histamine was also absorbed from the subarachnoid space, as is 


own by the fact that a cisternal injection of 500 yg histamine, under 
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conditions which prevented its entrance into the cerebral ventricles, 
produced acid gastric secretion. 

5. After perfusion of the cerebral ventricles for 1 hr with histamine 
1: 1000 histamine was found to have penetrated into the brain tissue from 
the ventricular surfaces. More histamine was taken up by grey than by 
white matter. 

6. The penetration of histamine into grey matter was determined in 
greater detail by assaying the histamine content of frozen sections of the 
wall of the hypothalamus cut parallel to the ventricular surface. Histamine 
penetrated to a distance of at least 2-5 mm from the surface. 
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THE AFTER-EFFECTS OF A WHITE LIGHT STIMULUS 


By PATIENCE W. TREZONA 
From the Physiological Laboratory, University of Cambridge 
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The subject of after-effects following a bright light stimulus is notable for the 
profusion of its literature, for the detailed.accounts of the phenomena observed 
and for the contradictory nature of these accounts. The observations have 
mostly been qualitative and have seldom specified the exact conditions of 
observation. In a large proportion of them the ‘after-image’ is viewed on a 
light background—.e. a second stimulus of larger field is introduced. This more 
complicated state of affairs is not considered in the present work. i 

Of the investigators who have viewed the after-effects in darkness many find 
an intermittent after-effect. Duke-Elder (1932) gives the following after- 
effects, basing them on the work of Frohlich and J udd: (1) a primary image 
followed by a short dark interval; (2) a first positive (Hering) after-image: 
(3) a second dark interval; (4) a second positive (Purkinje) after-image; (5) a 
third long dark interval; (6) a third positive after-image and finally (7) a long 
dark (negative) phase. On the other hand, Padgham (1953) finds a continuous 
effect on the removal of the stimulus. He records no dark intervals but only 
slight decreases in intensity, the effect lasting for about a minute. 

The present investigation was undertaken in order to try to reconcile such 
conflicting reports as the above and to see what different effects occur under 
different experimental conditions. The field size, the retinal illumination, the 
time of exposure and the part of the retina stimulated can all be varied. Only 
white lights have been used in the results here discussed. The investigation 
was conducted in such a way as to be independent of colour naming as far as 
possible. The main technique was to judge whether or not each effect was 
present. 

METHODS 
Apparatus 

The apparatus is shown in Fig. 1 and utilizes the Maxwellian view. A 6 V, 108 W ribbon-filament 
Jamp 8, (illuminant S4) is focused by a condenser lens L, on to the exit pupil £, of diameter 
2 mm, which is completely filled by the image of the ribbon. Ciose to the lens L, is an electrically 
Operated shutter X,, an aperture A and filters F. into. 
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focus by the unaccommodated eye Z. A red point source S, obtained from a torch bulb and red 
filter is reflected by a cover-slip at C, the image being in the plane of A. The observer’s head is 
fixed by an adjustable dental impression and the right eye is always used. 

Shutter. An electrically operated shutter X, is used and can be set into operation by the 
observer. The following ‘speeds’ can be obtained: 4, 1, 2, 4, 8, 16, 32, 64 sec. The shutter can be 
hand operated for longer times if necessary. 

Filters. The neutral density filter combinations normally used give nominal densities of 0-6, 
1-2, 1-8, 2-4... .9-0, 9-6 log. units. 

Apertures and fixation spot. For most of the investigation apertures at A consist of a single 
circular hole subtending the following field sizes at #,—4°, 1°, 2°, 3°, 4°, 5°. The lamp S, with a red 
filter is adjusted in position so that the red fixation spot appears at the centre of the field; its 
brightness is always adjusted to threshold value. For measuring the threshold of vision at the 
fovea for small fields the single fixation spot is replaced by amid these form 4 square and the 
field is located at the centre. 


Fig. 1. Diagram of the apparatus. S,, ribbon- filament lamp; S,, red point source; L,, condenser 
_ lens; Z,, spectacle lens; X,, electrically operated shutter; A, aperture; F, filters; C, cover- 
slip; Z,, artificial pupil; Z, eye. 


For extra-foveal work on }° and 1° fields this arrangement is changed, the fixation spot as well 
as the field being inserted at A. Two sets of plates were made, one for the }° and the other for the 
1° field, with fixation spots at 1°, 2°, 3° 4° and 5° off the field and such that the field falls on the 
nasal side. The fixation spot again has a red filter and can be adjusted in brightness independently 
of the field. 

Calibrations 

The retinal illumination produced was found from the flux coming through the exit pupil 
. together with the appropriate distance measurements. The flux was measured with a corrected 
photocell and microammeter, previously calibrated. These were also used to measure the densities 
of the neutral filters. 

The observers 

Owing to the long time involved in the investigations it was not possible to perform each one 
on & large number of subjects. P.W.T. made all the,observations and each set was repeated on 
B.L. or D.M.W. In addition, further subjects verified the salient points; these were the above 
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and E.N.W., D.M.L., M.R.H.W. and T.W. All were normal except P.W.T., who is slightly 
protanomalous. In the type of observation made this defect would not be expected to be of 
great importance and the good agreement reinforced this view. All observers were given one or two 
practice sessions. 

The observers’ tasks. Kach session lasted 1-1} hr, of which 10 min was used for dark adaptation: 
for all observations near the threshold of vision there were 30 min dark adaptation. The different 
types of field presented for the observers’ consideration were given at random. 

Although the observer was guided into giving the type of decision required by the investigation, 
care was taken not to suggest to him what he was likely to see. For this reason the enquiry went 
similarly to the following example. The subject was first asked what he saw after the light went 
out. He might reply that he saw a blue circle. Only then was he asked to time the duration of 
the blue circle, although the investigator knew from the beginning that the duration of the blue 
circle was the information that he required. Since the readings needed a considerable amount of 
concentration, the subject was not asked for too much information at one time; he was often 
given a separate viewing to make a judgement on the presence of a second effect from that in 
which he judged the first. 

Definitions 

After some experience in viewing after-effects it was found that, broadly speaking, each effect 
fitted into one of several categories. Sometimes there are ‘light’ after-effects and sometimes ‘dark’ 
after-effects. In each of these the size and shape of the field itself is recognizable in the after-effect, 
but in the former the after-effect is lighter than the surroundings while in the latter it is darker. 

Where these after-effects are lighter than the surroundings, the following different types can 
be seen. | 

Persistence of vision. When the light is extinguished it appears to continue in the same colour, 
but with rapidly decreasing intensity, for a second or less. This phenomenon lies in quite a different 
category from the other after-effects and is only considered incidentally in this paper. 

After-colours. When a bright white light is extinguished, one can see for many seconds or even 
minutes a coloured ‘after-image’. There are many changes of colour, usually with no gap between 
one colour and the next and with no latency of onset. 

After-blueness. This lasts for only a few seconds and remains the same cvulour—usually blue but 
sometimes grey or purple. It may be continuous or intermittent. Continuous after-blueness stays 
at the same intensity throughout, usually with no latency of onset. Intermittent after-blueness 
comes and goes, usually on for about a second and then off for about a second, for 1, 2, 3 or more 
cycles. 

When after-effects are darker than the surroundings they are of one type only. 

After-blackness. In this condition only blackness can be experienced but the area previously — 


3 occupied by the stimulus is blacker than the rest. There may be 1, 2 or more of these black 


‘after-images’ in succession and they may occur alone or following a ‘light’ after-effect. They 
must not be confused with ‘negative after-images’ which occur in a previously stimulated region 
when a second, larger stimulus is viewed. 

TABLE | 


After-effects 


‘Light’ after-effects (Persistence of vision) 
After-colours 
Continuous 


After-blueness {inte 
‘Dark’ after-effects After-blackness 


The above effects are summarized in Table 1. ‘These are the main after-effects observed after 


_ viewing a white light stimulus under different conditions; some conditions elicit a certain 


after effect in a much more clear and typical form than others. In addition there are other less 
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prominent or rare after-effects which no attempt has been made to classify or study. Also, there 
are sometimes spurious after-effects—those that are neither reproducible nor related to the size 
and shape of the field of view and which often move across the field. 


RESULTS 
Field size and retinal illumination varied 
In this experiment all fields were viewed foveally and the exposure time was 
8 sec. Results are shown in Fig. 2, where the points represent for various field 
sizes the threshold retinal illumination below which after-effects of various types 
were not observed. 

It can be seen that the threshold of after-colours stays remarkably constant 
for different field sizes and there is good agreement between the two observers. 
Every time that after-colours was seen, the stimulus had produced discomfort; 
this was not the case with after-blueness, Padgham (1953), who described 
after-colours, worked with retinal illuminations well above this threshold. 

Below this critical level it is interesting to find that for field sizes of $° and 1° 
there is no ‘light’ after-effect except sometimes persistence of vision; but for 
the 2° field and up to 5°, the limit of the present experiments, after-blueness is 
observed over a considerable range of retinal illumination. It is not, however, 
of the same type throughout the range. At low values of retinal illumination 
the after-blueness is of the continuous type, but for higher values it becomes 
intermittent. As the retinal illumination increases the number of intermittent 
images also increases. The number for a given value of retinal illumination is 
not very repeatable but there are about three at 4-5 log. trolands but only one 
at 2-6 log. trolands. 

The threshold of after-blueness is fairly constant for field sizes of 2°-5°; it is 
perhaps a little lower for the larger fields but no more than would be expected 
if an area-summation effect were in operation. Below this threshold there is no 

‘light’ after-effect or persistence of vision only. 

The results of this experiment were verified by four other observers— 
E.N,W., D.M.L., M.R.H.W. and T.W. Each subject was asked to comment on 
four conabliabinds of retinal illumination and field size, one from each of the 
regions A, B, C, D (Fig. 2c). Each observer gave ‘after-colours’, ‘after- 
colours’, ‘no light after-effects’ and ‘after-blueness’, respectively. 


Figure 2 also shows that ‘light’ atter-effects start at 3-4 log. units above 
the threshold of vision. 


Retinal position and retinal Tiuminotion varied 
The results of Fig. 2 show that after-blueness is obtained foveally, only for 
2° fields and larger. This gives rise to the question of whether it is the larger 


field or the more peripheral component which causes them. The next experi- 
ment, therefore, kept the field size constant and varied the retinal position and 
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Fig. 2. Thresholds of ‘light’ after-effects for fields of varying size and log. trolands, viewed 


foveally and exposed for 8 sec. A point is shown between two given values of log. trolands 
when the effect was visible at the higher but not at the lower level; it is shown on the given 
value when here its existence was in doubt. The points are displaced slightly for clarity. Thres- 
holds are of after-colours ©, after-blueness O, and the threshold of vision x. (a) P.W.T.; 


(6) B.L.; (c) Diagrammatic summary (see text). 
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retinal illumination. The fields subtended 1° and 4° and the retinal image fell 
foveally and at varying positions up to 5° on the nasal side. : 

Results are shown in Fig. 3. The abscissa represents the position off the 
fovea but otherwise points are plotted as described for Fig. 2..The threshold 
‘light’ after-effect is after-blueness in the periphery and after-colours near 
the fovea, where the curve shows a sharp rise. This rise suggests that it is 
retinal position rather than field size which causes the abrupt change in 
Fig. 2. 

The threshold of after-blueness stays fairly constant. It was too difficult to 
find the peripheral change-over between after-blueness and after-colours — 
because of the presence of some scattered light which is particularly trouble- 
some under these conditions. Scattered light sometimes gives large-field after- 
effects which complicate the issue. 

The observer B.L. seemed more critical than P.W.T. B.L.’s after-blueness 
persisted to within 1° of the fovea, being absent only for the foveal observa- 
tion; but P.W.T. with a 1° field showed after-blueness at 3° off the fovea, was | 
doubtful at 2° off and did not show it at 1° off. Also, while B.L. responded 
similarly to the 4° and 1° fields, P.W.T. found the }° field much more difficult 
than the 1° field. Sometimes she saw peripheral after-blueness and sometimes 
not. Thus 4° must be her change-over size between having after-blueness and 
not having it; for B.L. this critical field size must be smaller. 

The abrupt change in threshold of the ‘light’ after-effects with retinal posi- 
tion for the 1° field was verified by E.N.W., D.M.L. and M.R.H.W. by | 
presenting them with a few suitably chosen fields. But for the $° field, out of a 
total of five observers, two saw after-blueness clearly, two doubtfully and one 
not at all. It appears, then, that for all observers, given a suitable retinal 
illumination and an adequate field size, the presence of after-blueness depends 
on retinal position ; for some observers the 3° field is adequate, while for others 
it is not. 

After-blackness which follows ‘light’ after-effects has a slightly lower 
threshold. For the 1° field its threshold is the same foveally as peripherally. 


Exposure time and retinal illumination varied 

Figure 4 shows the effect of varying the exposure time and retinal illumina- 
tion of a 5° field viewed foveally. Figure 4 (a) and (b) show two separate experi- 

_ ments by D.M.W. and (d) and (e) show two by P.W.T. Besides considering the 
presence of after-blueness and after-blackness, the duration of the former was 
timed (Fig. 4 (c), (f)). 

For low retinal illuminations, continuous after-blueness and after-blackness 
occur separately, the former for short exposure times only and the latter for 
long exposures only ; for intermediate exposure times there are no after-effects. 
For medium retinal illuminations, continuous after-blueness has extended to 
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Fig. 3. Thresholds of ‘light’ after-effects (©) and ‘dark’ after-effects (@) for small fields, arpa 
for 8 sec, at various positions off the fovea and for different log. trolands. (a) P.W.T. 1° field ; 
(6) B.L. 1° field; (c) B.L. }° field. Threshold of vision x given for P.W.T. Points plotted as 


for Fig. 2. 
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longer exposure times and after-blackness has extended to shorter; for inter- 
mediate exposure times continuous after-blueness occurs, followed by after- 
blackness. For higher retinal illuminations and intermediate exposure times 
intermittent after-blueness occurs. 

The timing of continuous after-blueness (Fig. 4 (c), (f)) showed that in many 
cases while its duration stays fairly constant for short exposures, it rapidly 
becomes shorter when after-blackness also is present. This suggests that after- 
blackness inhibits after-blueness. If this occurs for 2-1 log. trolands, inhibition 
is likely to be present also at 2-6 log. trolands and may be partly responsible for 
the intermittence of after-blueness here. Thus intermittent after-blueness 
would be derived from two processes, continuous after-blueness and after- 
blackness, the after-blackness inhibiting the after-blueness and the latter re- 
appearing afterwards. 

An alternative explanation of the intermittence has been made, that 
binocular rivalry is responsible, the after-effect of the field of the right eye 
alternating with the darkness of the left eye. To test this idea, the field was 
presented to both eyes but the intermittence remained. Thus it would appear 
that binocular rivalry is not the cause. 

The following effects were verified by E.N.W., D.M.L. and M.R.H.W. The 
actual exposure time and retinal illumination were varied slightly to make the. 
effect most definite to the individual observer: 

(1) for medium retinal illumination and short exposure time—continuous 
after-blueness; 

(2) for medium retinal illumination and long exposure tdince —after-Dlaconenn: 
(3) for medium retinal illumination and medium a ag time—continuous 
after-blueness followed by after-blackness; 

(4) for higher retinal illumination and medium exposure time—intermittent 
after-blueness followed by after-blackness. 

A few observations were also made by B.L. and P.W.T. on a 1° field at 4° off 
the fovea when the exposure time and retinal illumination were varied. Figures 2 
and 3 have shown how a small field off the fovea behaves in the same way as 
a large field viewed foveally, in that they both give after-blueness. Now this 
further experiment showed that they are also similar in giving, at a suitable 
retinal illumination, continuous after-blueness for short exposure times, after- 
blackness for long exposures and both for intermediate times. 


DISCUSSION 
The results of this work lie in two main groups. The first concerns the changes 
which occur when the retinal illumination is varied. The after-effects remain 
‘light’ but change from after-blueness to after-colours; this general picture is 
modified by changes of field size or field — The second concerns changes 
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which occur when the stimulus exposure time is altered. The after-effects 
change from ‘light’ to ‘dark’ ones; a change of retinal illumination modifies 
this general picture. : | 

In the first group after-colours occur for high retinal illuminations for all 
field sizes and all retinal positions; after-blueness occurs for lower retinal 
illuminations, only if the field is viewed peripherally or if a foveally viewed 
field is 2° or larger. Thus a peripheral component has to be present for after- 
blueness to occur. This fact, together with the blue or grey colour and occur- 
rence at lower retinal illuminations, suggests that rods are responsible for after- 
blueness. Similarly, with after-colours the varying colours, the foveal as well 


(a) (b) 


fo area 


1° field 
on fovea 


1° field at 
1° off fovea 


2° field on fovea | 
Fig. 5. Diagram to compare Polyak’s rod-free area with fields for which after-blueness is just 
seen and just not seen. (a) Foveally (see Fig. 2a, 6). (6) Off the fovea (see Fig. 3, c). Shaded 
areas show where rods can bé expected in fields giving after-blueness. 


as peripheral occurrence and the high retinal illumination required suggest that 
cones are responsible for this. However, this work has been done with a white 
light stimulus only and must be extended to a stimulus of varying colour 
before these suggestions can be established. It is also possible that, instead of 
rods, ‘blue’ cones are responsible for after-blueness or that it occurs peri- 
pherally because of the greater pooling of response from the receptors here. 
It is interesting to compare Polyak’s (1941) work on the rod-free area with 
the present work on the after-blueness-free area. He gives the rod-free area for 
man as 1° 40’ in diameter and this is shown in Fig. 5a together with the areas 
which just succeed and just fail to produce foveal after-images for B.L. and 
P.W.T. Figure 56 compares Polyak’s rod-free area with the retinal positions 
which just succeed and just fail to produce after-images for the }° and 1° fields 
for observer B.L. In all cases when after-images are not seen, there are no rods 
and when they are seen, rods are present (shown shaded). The shape of the 
after-image, however, is always a complete disk like the stimulus and is not 
related to rod distribution. The work should also be mentioned of Osterberg 
(1935) who found the rod-free area as 45’ instead of Polyak’s 1° 40’. However, 
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it is probable that the density of rods between these fields is very low, which 
may partly account for the discrepancy between Polyak’s and Qsterberg’s 
results. Figure 5 should be regarded as showing that the rod-free area and 
after-blueness-free area are of the same order of magnitude rather than show- 
ing an exact agreement, as undoubtedly rod density plays a part. In any case 
rod density has to be considered to explain P.W.T.’s not seeing after-images at 
1° off the fovea. The smaller sensitivity of P.W.T. than that of B.L. may be due 
less to retinal structure than to less good concentration in the difficult task of 
extrafoveal observations, where the normal association of fixation and judge- 
ment is broken down. The predominant difficulty in this investigation, particu- 
larly when the after-effect does not immediately follow the stimulus, is in 
making a judgement on the particular part of the retina stimulated. For 
instance, if a field is viewed at, say, 4°.off, and the observer searches for an 
after-effect at 3° off, he may miss the after-effect at 4° off, especially if it is 
barely visible anyway, and see nothing. 

After-blueness following stimuli of all colours is possibly sescciaiel with 
Wright's (1946) ‘positive blue’ phenomenon. Wright looked at a bright 5° 
yellow adapting field for 3 min and then at a 2° yellow field which he found to 
contain an unexpected quantity of blue which disappeared after about 2 min. 
Moreover, the amount of blue was independent of the brightness of the 2° 
yellow field, which led him to interpret the phenomenon as a superimposed blue 
after-image, This was not unexpected after adaptation to yellow; but less 
expected was a similar blue phenomenon superimposed on the 2° yellow field — 
after blue adaptation. This may be better understood in view of the above 
if it is a rod phenomena. But, as Wright points out, after-images are not 
the full explanation, as no blue after-image occurs simply after viewing the 
adapting light for 3 min. Perhaps there is some interaction between a 
subliminal after-image and the 2° field. 

In the second group the effects are detailed on pp. 72, 75. From their appear- 
ance the ‘light’ after-effects suggest an excitatory origin and the ‘dark’ after- 
effects an inhibitory origin. Continuous after-blueness may be excitatory, after- 
blackness inhibitory and intermittent after-blueness an alternation of excita- 
tory and inhibitory processes. These may possibly be indirectly associated 
with ‘on’ and ‘off’ effects respectively. 


SUMMARY 


1, The after-effects of a white light stimulus, eee 4°-5°, lasting 
4-64 sec, of retinal illumination 3-2-5-7 log. trolands, and applied foveally or 
uf to 5° off the fovea, can be classified as ‘light’ or ‘dark’ after-effects. 

‘Light’ after-effects are those where the field is apparently replaced 
. an area of the same size and shape as the stimulus and brighter than the 
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surroundings. ‘Light’ after-effects are subdivided into persistence of vision, 
after-colours and after-blueness (continuous or intermittent). Because of its 
different nature persistence of vision has not been investigated. 

3. After-colours (meaning a long-lasting coloured after-effect with many 
changes of colour) occur both foveally and peripherally for all field sizes for 
retinal illuminations above 4-8 log. trolands. This phenomenon is probably 
associated with cones. 

4. After-blueness (meaning a shorter after-effect of a bluish colour) occurs 
from about 1-3 to 4-8 log. trolands. It is seen both foveally and peripherally for 
the 2° field and larger but only peripherally for a 1° or }° field. It can be con- 
tinuous or intermittent. Continuous after-blueness stays at the same intensity 
throughout and occurs for short stimulus times only, often 4 sec or less. In 


intermittent after-blueness several distinct images are seen, each one lasting 


and separated from the next one by about a second; it has a higher threshold 
than continuous after-blueness. 

5. After-blackness (meaning an effect where the field is apparently replaced 
by an area of the same size and shape as the stimulus but darker than the sur- 
roundings) can occur as single or as several separate images. It can follow a 
stimulus on its own or after any of the ‘light’ after-effects. It occurs for long 
stimulus times only, often 2 sec and more. With a 1° field it is present foveally 
and peripherally. | 


I am very grateful to Dr E. N. Willmer for many helpful suggestions and criticisms and to all 
the observers who put so much time and effort into the investigation. Thanks are due to Mr 8. 
Diamond for assistance in constructing the apparatus and to the Nuffield Foundation for their 
financial support. 
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PLASMA ADRENALINE AND NORADRENALINE DURING 
DIFFUSION RESPIRATION 


By R. A. MILLAR 


From the Department of Anaesthesia, Montreal Neurological Institute 
and McGill Unwersity, Montreal, Canada 


(Received 10 June 1959) 


Draper & Whitehead (1944) showed that dogs maintained in apnoea with large 
doses of thiopentone could survive for periods of half an hour or longer when 
exposed to 100% oxygen through a patent airway at atmospheric pressure. 
The critical factor limiting the duration of this condition, termed ‘diffusion 


_ Tespiration’, was a severe respiratory acidosis secondary to progressive eleva- 


tion of alveolar carbon dioxide tension (Draper, Whitehead & Spencer, 1947). 
Provided that alveolar and tissue nitrogen are at least partially eliminated 
beforehand, such states of oxygenated apnoea provide an opportunity to 
study the effects of progressive rises in arterial CO, tension, with a minimum 
of interference from anoxia, and without respiratory stimulation (Holmdahl, 
1956). In this study direct measurement has been made of plasma adrenaline 


‘and noradrenaline concentrations during diffusion respiration in dogs main- 


tained in apnoea by means of a continuous infusion of succinyl choline. 


METHODS 


| Seven dogs (7-16 kg) were lightly anaesthetized with intravenous thiopentone. The trachea was 


intubated with a No. 9 Magill cuffed portex tube, this being connected through a T-piece to an 
expiratory valve and a 51. rubber bag, which was kept partly filled by a flow of 100% oxygen. 
The femoral artery on one side was cannulated after infiltration of the groin with 5-10 ml. of 
1% lignocaine solution ; arterial blood pressure was measured continuously by means of a Statham 
strain gauge (Model p 23-A), Sanborn amplifier and recorder; a three-way tap allowed withdrawal 
of blood samples as required. Heparin 10,000 u. was injected intravenously. 

The dogs were allowed to breathe 100% oxygen for 20-30 min, after which spontaneous respira- 
tion was abolished by means of a continuous intravenous infusion, containing 200 mg succinyl 


- choline chloride in each 100 ml. of 0-9% (w/v) sodium chloride solution, which was given at a 


very slow rate throughout each study. Before the start of diffusion respiration the dogs were 
ventilated manually for 10 min with 100% oxygen, using high gas flows to obtain good oxygena- 
tion with adequate elimination of nitrogen and carbon dioxide. The first arterial blood sample 
for assay was withdrawn during this period of ventilation. Manual respiration was then stopped 
and the endotracheal tube left attached to the gas bag which was kept partly filled with 100% 
oxygen. The expiratory valve was loose to ensure that no positive pressure was applied to the — 
airway, 
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In two of the seven studies blood samples were withdrawn during diffusion respiration at 
irregular time intervals up to 79 min. In the other five experiments samples were withdrawn for 
assay after 15, 30 and 60 min of apnoea. After each blood sample was withdrawn an equal volume 
of 0-9% (w/v) sodium chloride solution was injected intravenously. 

The period of diffusion respiration was terminated by manual overventilation with 100% 
oxygen. In two studies blood samples were withdrawn 1-2 min after ventilation was started, 
and in all seven experiments a sample was taken after 10 min. The endotracheal tube was then 
disconnected from the oxygen supply, and apnoea was continued with the airway open to air, a 
final blood sample being withdrawn 7-9 min later, just before cardiac arrest occurred from acute 
asphyxia. 

Blood samples for assay of adrenaline and noradrenaline (35 ml.) were withdrawn into glass 
tubes containing a few drops of heparin (10,000 u./ml.), and were centrifuged immediately. The 
plasma was aspirated, filtered, and applied to alumina columns. Adrenaline and noradrenaline in 
the plasma eluates were estimated fluorimetrically by the trihydroxyindole method, which has 
been described previously (Millar, Keener & Benfey, 1959); an error of + 25% is involved in the 
differential estimation of adrenaline and noradrenaline in single plasma samples. The values, 
which refer to yg free base/l. of plasma, are uncorrected for losses in recovery up to 30%. 

Blood for pH, pCO,, and ‘standard’ bicarbonate estimations (8 ml.) was withdrawn anaero- 
bically into syringes moistened with heparin. Whole-blood pH, and the pH of separated plasma 
equilibrated at 38° C with a known CO, tension (40 mm Hg), were determined at once, using the 
‘Radiometer’ pH meter and Astrup apparatus (Astrup & Schreder, 1956; from these two pH 
determinations the ‘standard’ bicarbonate in separated plasma, and the plasma CO, tension, 
were calculated as wanatnet by Astrup (1956); in three studies arterial ee saturation was 
determined spectrophotometrically (Nahas, 1951). 


RESULTS 
Changes in arterial pCO, and pH 

Diffusion respiration resulted in a progressive respiratory acidosis, shown by an 
increase in arterial pCQ,, a declining pH, and a linear slope of the (semi-log) 
plot of pCO,/pH. Table 1 shows the values in a typical experiment, in which a 
pCO, of 390 mm Hg and a pH of 6-47 were reached after 60 min of diffusion 
respiration. Similar results were obtained in another four experiments, in 
which apnoea was continued for the same period of time; the average values 
in this group of five studies have been included in Table 4. After 15 min of 
diffusion respiration CO, tensions of 89-126 mm Hg were reached, at 30 min 
the range was 120-266 mm Hg, and by 60 min the levels were 310-390 mm Hg. 
The maximum pCO, reached in any experiment was 427 mm Hg, at a pH of 
6-48, after 79 min of apnoea. 

The values for ‘standard’ bicarbonate are based on equilibration of separ- 
ated plasma with a pCO, of 40 mm Hg and represent, essentially, the non- 
respiratory component of acid-base balance (Jorgensen & Astrup, 1957). Al- 
though small increases occurred at variable times during diffusion respiration, 
the ‘standard’ bicarbonate concentration did not exceed 24 m-mole/I. in 
any experiment, and in general the changes were rather inconsistent. Because 
of initial over-ventilation the CO, tension in several experiments was low 
(Table 4), and the rise in pCO, during the first 15 min of diffusion respiration 
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was accompanied by a rise in ‘standard’ bicarbonate. This early increase in 
‘standard’ bicarbonate did not occur in the three experiments in which pCO, 
levels were somewhat higher (34, 39 and 42 mm Hg). 


Taste 1. Changes during one experiment in whole-blood pH, plasma pCO,, and ‘standard’ 
bicarbonate content of plasma, during 1 hr of diffusion respiration (D.R.), and after the 
subsequent 10 min of ventilation with 100% oxygen 


‘Standard’ 
Time pco, bicarbonate 
(min) pH (mm Hg) (m-mole/I.) 
Control 7-36 42 22 
D.R. +15 6-96 118 22 
D.R. | 6-67 266 23 
D.R. A +60 6°47 390 20 
Ventilation, +10 7-3) 28 14 
O, 
100 
90 = 
80 
60 
50 
2 
20 F 
10 


pH 
Fig. 1. Graphs of pCO,/pH for blood samples withdrawn before (@) and after (O) diffusion 
respiration in seven experiments. The plot for samples obtained after diffusion respiration 
is shifted to the left, indicating the existence of a non-respiratory acidosis. Semi-log. scale. 


Ventilation with 100% oxygen, after 1 hr or longer of diffusion respiration, 
brought about a rapid fall in arterial pCO,, as is shown by the low tensions 
measured after 10 min of ventilation (Tables 1 and 4). In one experiment a 
fall of 220 mm Hg occurred within 2 min of starting ventilation, the decline 


in CO, tension being exponential rather than linear (Table 5). 
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Average pCO, and ‘standard’ bicarbonate before diffusion respiration, in 
the seven experiments, were 29mm Hg and 19 m-mole/l., whereas after 
diffusion respiration the values were 38 and 14 respectively. Although the 
average pCO, was higher, the ‘standard’ bicarbonate was significantly less 
(P < 0-01). Figure 1 shows the pCO,/pH plots for blood samples withdrawn 
before diffusion respiration, compared to the blood samples withdrawn 
during ventilation after diffusion respiration. The shift to the acid side 
of the pCO,/pH line shows, as does the fall in ‘standard’ bicarbonate 
noted above, that a non-respiratory acidosis existed after the period of dif- 


TasiE 2. The gradual decline in oxygen saturation (%) measured i in three experiments 


during diffusion respiration (D.R.) 

Time 
Sample (min) | 3 
Control — 99 — 99 
D.R. +15 — — 98 
D.R. +30 89 100 97 
D.R. +60 87 92 94 
+10 100 101 

a 


Tasiz 3. Asphyxial changes resulting in one experiment when apnoea (subsequent to the period 
of diffusion respiration) is maintained with the airway open to atmospheric air 
‘Standard’ 


pco bicarbonate =O, saturation 
pH (mmHg)  (m-mole/|.) (%) 
Control 7-60 13 15 100 
Asphyxia + 8 min. 6-95 98 18 | 30 


fusion respiration had ended. These findings agree with previous evidence 
that a metabolic acidosis is produced by diffusion respiration (J oels & Samuel- 
off, 19562). 

In the three experiments in which measurements were made, a slow fall in 
arterial oxygen saturation occurred during diffusion respiration. This is 
illustrated in Table 2. 


Table 3 shows the changes in blood gases 8 min after disconnecting the 


oxygen supply in one experiment. In this and the other studies cardiac arrest 
resulted from acute anoxia after only 8-11 min of apnoea when the airway 


was open to atmospheric air, instead of the 100% oxygen available during 


diffusion respiration. 


Plasma adrenaline and noradrenaline: 


Increases in the plasma concentrations of adrenaline and noradrenaline 
occurred throughout diffusion respiration. The average values in five experi- 
ments are shown in Table 4. In the control samples, withdrawn during the 
period of ventilation which preceded diffusion respiration, plasma noradrenal- 
ine and adrenaline were in the ranges 0-1-1 and 0-0-42 wg/l. respectively. After 
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15 and 30 min of apnoea noradrenaline levels were 0-30-2-0, and 1-0-5-7 peg/l. 
respectively. Plasma adrenaline concentrations were in the range 0-04-1+1 
after 15 min and 0-85-6-0 ug/l. after 30 min of apnoea. When diffusion 
respiration: had continued for 60 min adrenaline levels were in the range 
12:8-30-4 yg/l., plasma noradrenaline being much lower, 3-3-7-7 g/l. Figure 2 
illustrates a typical study in which plasma noradrenaline showed the greater 
rise during the first 30 min of apnoea; after 60 min adrenaline was greatly 
increased. 


TasLE 4. Average increases in five experiments in plasma adrenaline and noradrenaline concentra 
tions, with arterial blood pressure changes, induced by respiratory acidosis during 1 hr of 
diffusion respiration (D.R.). The effects of the subsequent 10 min period of ventilation with 
100% oxygen are also shown 


Arterial B.P. 
‘Standard’ Adrenal- (mm Hg) 
Time pCO, bicarbonate ine adrenaline - A " 
(min) pH (mm Hg) (m-mole/l.) (ug/l.) systolic diastolic 
Control —_ 7-56 22 18 0-14 0-38 167 120 ~ 
D.R. +15 701 - 108 23 0-59 1-2 178 87 
D.R. +30 6-82 173 21 2-6 3-1 238 126 
D.R. +60 6-55 338 22 18-7 4-9 120 64 
pepo +10 7:39 24 14 | 0-65 123 94 


' Ventilation induced a profound and rapid fall in plasma catecholamine 
concentration, which reached low levels after 10 min or earlier (Table 4 and 


' Fig. 2). The rapidity of this decline was demonstrated clearly in two experi- 


ments in which blood samples were withdrawn 2 min after the start of ventila- 
tion. In one experiment plasma adrenaline and noradrenaline had already 


fallen from a total level of 18-6 to 8-0 g/l. of plasma; the results in the other 


study were similar and are illustrated in Table 5. 

The effect of acute asphyxia on plasma adrenaline and noradrenaline is 
shown in Table 6. In all seven experiments the levels of both amines increased 
greatly, as expected (Houssay & Molinelli, 1926). 


Blood pressure 
Alterations in blood pressure were quite consistent during diffusion respira- 
tion. Table 4 shows the average values during 60 min of apnoea in five 
experiments. A fall in diastolic pressure, with a smaller and less constant 
increase in systolic pressure, was a characteristic feature in the first 15 min 
of diffusion respiration. Pronounced rises, mainly of systolic pressure, then — 


teached a broad plateau centred around the 30 min period. A gradual decline 


occurred subsequently and the average mean arterial pressure level after — 
60 min of apnoea was 53mm Hg below that before diffusion respiration. 
During one more prolonged study in which the rise in pCO, was unusually 


slow (circulating adrenaline and noradrenaline levels being lower than in the 
6-2 


xf 
al 
In 
in 
Le 
§ 
| 
> 


84 R. A. MILLAR 


325 
12+ hex 
41 275 
10+ 250 
9b + 225 
c E 
5 
4 150 
U St 125 
4b 100 
75 
2h 
Diffusion Respiration Ventilation] 


0 15 30 45 640 
Minutes 


Fig. 2. Increases in plasma adrenaline (@) and noradrenaline (©) concentrations as the arterial 
pCO, {x ) rises during diffusion respiration, in 4 typical experiment. Also shown are the rapid 
falls in CO, tension and concentrations of circulating catecholamines which occur when 
diffusion respiration is terminated by ventilation with 100% oxygen. 


TaBE 5. The effects in one experiment of 2 min of ventilation with 100% oxygen on plasma 
adrenaline and noradrenaline concentrations and on the severe respiratory acidosis induced 
by prolonged diffusion respiration (D.R.) 


‘Standard’ Nor- 

Time pco, bicarbonate Adrenaline adrenaline 
Sample (min) pH (mm Hg)  (m-mole/l.) (ug/l1.) (ug/l.) 
D.R. +79 6-48 23 31-9 15-5 
Ventilation + 2 6-66 207 17 9-4 3°5 


0, +10 7-09 57 16 0-63 1-9 


TaB.E 6. The effect of asphyxia, induced by maintaining apnoea with the airway open to air, on 
plasma adrenaline (A) and noradrenaline (N) levels (ug/l.) in seven dogs. The control samples 
were withdrawn after the 10 min period of ventilation which followed an hour or longer of 
diffusion respiration ; the ‘control’ values of plasma adrenaline and noradrenaline concentra- 
tions are therefore higher than those measured under basal conditions 


1 2 3 4 5 6 7 
‘Control’ 063 19 13 064 0-72 14.11 0-69 036 15 019 1-4 0-86 
Asphyxia, 118 142 133 146 149 189 86 5&1 33 82 668 145 95 43 
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other experiments), mean arterial blood pressure after 77 min of apnoea was 
still 32 mm Hg above the pre-diffusion respiration value. 

When manual ventilation was begun a steep rise in blood pressure followed 
almost immediately, as is shown in Fig. 3(a), the average systolic and dia- 
stolic increase in seven experiments amounting to 94mm and 25 mm Hg 

respectively. A gradual fall then occurred and after 10 min of ventilation 
average mean arterial blood pressure in five experiments was 32 mm m Hg below 
that measured before diffusion respiration. 


Fig. 3. a, The effect on arterial blood pressure of ventilation with 100% oxygen (started at arrow), 
after 1 br of diffusion respiration. Each large division on the record represents.2 sec. 6, Car- 
diac arrhythmias observed on the blood-pressure tracing during the period of ventilation 
which followed diffusion respiration. 


Cardiac arrhythmias, during ventilation after diffusion respiration, were 
observed on the blood pressure record in only two out of seven experiments. 
In one the appearance and disappearance of arrhythmia appeared to bear 
a direct relationship to lung inflation, as is shown in Fig. 3(b); and in the 
other experiment cardiac irregularities persisted for only 12 sec after ventilation 
was finally stopped. 

Asphyxia resulted in a progressive rise in systolic and diastolic pressures, 


_ terminating in gross hypertension before an abrupt down-swing, with brady- 


cardia, preceded cardiac arrest. 


DISCUSSION 


These experiments show that increases in the plasma concentrations of 


adrenaline and noradrenaline accompany the respiratory acidosis produced 
by diffusion respiration, and that when the arterial CO, tension is lowered by 


ventilation circulating catecholamines are also lowered to near-basal levels. | 
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It has not been established whether the changes in plasma amine concen- 
tration are induced by the increased arterial pCO, or by the reduction in 
blood pH, but liberation of catecholamines during respiratory acidosis must 
result largely from stimulation of central sympathetic centres (Mathison, 1911), 
either directly or by reflex chemoreceptor drive. This may be reinforced by 
various peripheral mechanisms, resulting from the effects of a shift of pH to 
the acid side, from the rise in plasma potassium induced by carbon dioxide 
(Young, Sealy & Harris, 1954), and from interference with the metabolic 
transformation of catecholamines. Since the amounts of adrenaline occurring 
outside the adrenal medulla are small, marked increases in plasma adrenaline 
can only result from adrenal medullary liberation. For example, the pro- 
nounced rise in circulating adrenaline during severe haemorrhage in dogs 
(Millar & Benfey, 1958) is almost entirely abolished by bilateral adrenalectomy 
(Millar et al. 1959). It can be assumed, therefore, that the increased adrenaline 
levels after 60 min of diffusion respiration result from adrenal medullary 
secretion, which probably also plays a major part in the pronounced rise in 
circulating noradrenaline at this later stage. 

The mechanisms involved in the early rise in noradrenaline are more con- 
jectural, because of the possibility of noradrenaline liberation from the adrenal 
medulla and at sympathetic nerve endings. It is not yet certain whether 
noradrenaline liberation at sympathetic nerve endings can bring about greater 
rises in plasma noradrenaline than would be induced by simultaneous adrenal 
medullary discharge, or whether adrenergic nerve endings can be stimulated 
without simultaneous excitation of the adrenal medulla. The amount of 
noradrenaline which can be liberated from sites outside the adrenal medulla in 
response to strong, probably maximal, sympathetic stimulation was shown by 
recent experiments, however, in which it was found that in exsanguinated, 
adrenalectomized dogs the maximum plasma noradrenaline level reached was 
0-7 yg/l., whereas in the presence of adrenergic blockade by dibenzyline levels 
up to 4-1 ug/l. were measured under similar conditions. This indicates that 
plasma noradrenaline levels above 1 yg/l. could be derived either from the 
adrenal medulla or from adrenergic receptors at which there is delayed destruc- 
tion of liberated transmitter substance. The possibility cannot be discounted 
that a reduction in tissue pH or a local effect of carbon dioxide at adrenergic 
receptor sites allows an accumulation of noradrenaline liberated there as a 
result of increased central sympathetic discharge; the mechanism could be 
similar to that attributed to dibenzyline by Brown & Gillespie (1957). 

In previous experiments performed in this laboratory on intact dogs, 
consistent increases in plasma noradrenaline have not been measured without 
rises in adrenaline which were as great or greater. This suggests that the 
initial effects of respiratory acidosis are different from those of haemorrhagic 
hypotension, for instance, in which increases in plasma adrenaline greatly 
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exceed those of noradrenaline even from the earliest stage (Millar & Benfey, 
1958). 

Central vasomotor discharge, resulting from brain stem activation by high 
tensions of arterial CO, (Joels & Samueloff, 19566), and shown on the blood 
pressure record as rhythmic ‘waves’, disappeared before catecholamine levels 
reached a maximum, which again suggests that plasma adrenaline and nor- 
adrenaline concentrations are increased during diffusion respiration beyond 
levels induced solely by stimulation of efferent sympathetic nerves. 

Comparison of the increased plasma adrenaline levels during diffusion res- 
piration with those measured previously during graded haemorrhagic hypo- 
tension (Millar & Benfey, 1958), shows that, when circulatory collapse from 
haemorrhage was imminent, mean arterial blood pressure (average in eight 
dogs) was 21 mm Hg and plasma adrenaline was 19 g/l. Identical circulating 
adrenaline levels (average in five dogs) were measured after 60 min of diffusion 
respiration, but the mean arterial blood pressure was 83 mm Hg, indicating 
that hypotension is not the principal factor concerned in the high adrenaline 
levels in the later stages of diffusion respiration. 

After 60 min of apnoea, blood loss due to withdrawal of samples for assay 
amounted to 180 ml. in five identical experiments, equivalent to an average 
loss of 22 ml./kg. It was shown in a previous study (Millar & Benfey, 1958) 
that blood loss of 24 ml./kg was accompanied by plasma adrenaline levels in 
the same range as those estimated when diffusion respiration had been ter- 
minated by ventilation (noradrenaline levels were much lower in haemor- 
thage). Although basal catecholamine levels were not regained after diffusion 
respiration, the pronounced fall in circulating adrenaline and noradrenaline 
which occurred when respiratory acidosis was reversed shows that blood loss 
due to sampling was not an important factor in raising plasma adrenaline 
levels during the apnoeic state. However, the gradual reduction in oxygen 
saturation after periods of diffusion respiration longer than about 30 min 
implies that anoxia is partly responsible for the increased circulating catechol- 
amine levels in the later stages of diffusion respiration. 

The occurrence of a metabolic acidosis in diffusion respiration, which has 
been confirmed in these experiments, can be partly accounted for by a raised — 
level of circulating lactate (Joels & Samueloff, 1956a). Intravenous infusions 
of adrenaline have been shown to increase blood lactate concentration in dogs 


(Brewster, Isaacs, Osgood & King, 1956), so that a close relationship probably 


exists between the increases in plasma adrenaline and the metabolic acidosis 
of diffusion respiration. 7 

Studies of the complex circulatory changes accompanying diffusion respira- 
tion have produced conflicting results. Holmdahl (1956), in reviewing these, 
has emphasized the complicating factors introduced when apnoea is maintained 
by large doses of intravenous barbiturates or by tubocurarine. Succinyl 
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choline seems preferable in this respect, because it produces neuromuscular 
paralysis in doses many times less than those required to block autonomic 
ganglia (Thesleff, 1952). 

The consistent fall in diastolic pressure seen during the first 15 min of dif- 
fusion respiration in these experiments might be attributable to vasodilation 
induced by carbon dioxide. However, the evidence for a direct vasodilator 
action of carbon dioxide was first obtained by carbonic acid perfusion experi- 
ments in which extremely high tensions of carbon dioxide were used (Bayliss, 
1901), so far outside the physiological range that the evidence seems insecure 
(Bernthal & Shoemaker, 1937). The increase in plasma adrenaline which occur- 
red over the same period of time, although moderate, could be largely re- 
sponsible for the lowered diastolic pressure during the early phase of diffusion 
respiration; such an effect may be related to increased production of lactic 
acid (Lundholm, 1957). 

The raised mean arterial blood pressure noted after about 50 min of apnoea 
was due almost entirely to a marked increase in systolic pressure. Although 
diastolic pressure rose toa variable degree during the second 15 min of apnoea, 
the average level at 30 min was only slightly higher than the control value. 
These findings suggest that cardiac output was increased, as a result of direct 
myocardial stimulation (Boniface & Brown, 1953) or from central sympathetic 
excitation. The depressant effects of carbon dioxide were subsequently 
demonstrated by a fall in arterial blood pressure, in = of the greatly in- 
creased levels of circulating catecholamines. 

Adverse circulatory effects have been reported as a fue of rapid reduction 
of elevated CO, tensions. Foremost among these is the occurrence of ven- 
tricular fibrillation when dogs are allowed to breathe air after inhaling mixtures 
of 30-40 % carbon dioxide in oxygen for several hours (Brown & Miller, 1952). 
Because of the high alveolar pCO, present initially during such a period of 
ventilation it seems certain that the introduction of an air atmosphere would 
lead to arterial oxygen desaturation, which could readily explain a high inci- 
dence of serious cardiac arrhythmias. In the experiments described here 
ventilation with 100% oxygen lowered even higher arterial pCO, tensions 
at very rapid rates, without inducing ventricular fibrillation. Another factor of 
possible relevance to the occurrence of cardiac arrhythmias would be a sudden 
change in plasma adrenaline and noradrenaline levels, and it has been reported, 
on rather indirect evidence, that the concentration of circulating catechol- 
amines increases abruptly as an elevated arterial pCO, is lowered (Tenney, | 
1956). The findings obtained here do not support the occurrence, on starting 
ventilation, of further transient increases in the concentration of plasma 
catecholamines to a level above that already measured after prolonged dif- 
fusion respiration, since a pronounced fall in the levels of circulating adrenal- 
ine and noradrenaline was found to occur as early as 1 min after ventilation 
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with oxygen was begun. The sudden increase in blood pressure noted im- 
mediately after ventilation started, on the other hand, does indicate an in- 
crease in cardiovascular reactivity, in association with the rise in pH or 
the fall in CO, tension. Whether this is a vascular or a cardiac change is un- 
certain, but an increase in plasma potassium (Young et al. 1954) and in 
cardiac contractile force (Boniface & Brown, 1953) have been shown to occur 
when high carbon dioxide concentrations are lowered. | 


SUMMARY 

1, Rises in arterial CO, tension were induced by maintaining lightly 
anaesthetized dogs in a state of oxygenated apnoea, or diffusion respiration, 
by means of a succinyl choline infusion; a pCO, of 427 mm Hg was the most 
extreme level reached, at an arterial pH of 6-48. 

2. Plasma adrenaline and noradrenaline concentrations, estimated by the 
trihydroxyindole method, showed progressive increases during diffusion 
respiration. In the first 30 min the rise was predominantly in noradrenaline; 
subsequently plasma adrenaline increased greatly, reaching levels up-to 30 ug/l. 
after 60 min of apnoea. | 

3. Ventilation rapidly reduced the arterial CO, tension and brought cir- 
culating catecholamine concentration to near-basal levels. There was no 
evidence of a further increase in plasma adrenaline and noradrenaline when 
ventilation started, nor did untoward cardiac effects occur during reduction of 
arterial pCQ,. 

4. When CO, tension had been lowered a shift to the acid side of the plot 
of pCO,/pH and a reduction in ‘standard’ bicarbonate demonstrated the 
existence of a non-respiratory acidosis. 

5. Diastolic blood pressure was reduced during the first 15 min of diffusion 
respiration; thereafter marked increases in systolic pressure occurred. After 
1 hr of diffusion respiration blood pressure was depressed, but ventilation 
produced an immediate, pronounced, but temporary rise in blood pressure. 

I wish to thank Mrs M. Laidlaw and Dr J. Bidzinski for their assistance during these studies. 
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SINGLE UNIT ACTIVITY IN LATERAL GENICULATE BODY 
AND OPTIC TRACT OF UNRESTRAINED CATS 


By D. H. HUBEL* 


From the Department of Neurophysiology, Walter Reed Army Institute of 
Research, Walter Reed Army Medical Center, Washington 12, D.C., U.S.A. 


(Received 22 June 1959) 


In two recent studies of the cat’s striate cortex (Hubel, 1959; Hubel & Wiesel, 
1959) single units were shown to react to light stimuli in a highly specific 
manner. Most units responded either feebly or not at all to stimulation of — 
the retina with diffuse light, but gave brisk responses to stationary or moving 
restricted spots of light. Responses to moving spots often varied with the 
direction of movement. It was clear that such responses must be the result of 
complex integrative mechanisms. _ | 

The present study was undertaken to find out whether similar responses’ 


occur in retinal ganglion cells or cells of the dorsal lateral geniculate body. 


Lateral geniculate units have not previously been studied with restricted 
light stimulation, and although the cat’s retinal ganglion cell has been exten- — 
sively investigated by Kuffler and his co-workers (Kuffler, 1953; Kuffler, 
FitzHugh & Barlow, 1957), responses to moving spots were not examined. 
Thus it has not been possible to say whether the complex activity of cortical 
units originates in the cortex itself, or at lower levels. | 
Methods for stereotaxic depth recordings in the unanaesthetized unre- 
strained animal were developed in order to make cortical and depth studies 
under similar conditions. These techniques make it possible to record from 
single units from virtually any part of the brain of the freely moving animal. 


METHODS 
For depth recording of single units in the unrestrained animal, a tungsten micro-electrode was 


- advanced by a hydraulic micro-electrode positioner (Text-fig. 1), The positioner was attached to 


@ chronically indwelling plastic implant during recording and removed between recordings. 
An adjustable adapter connected the positioner to the implant and allowed the direction of 


- penetration to be varied over a wide angle. A Horsley—Clarke stereotaxic instrument was used in 


adjusting the adapter to a pre-assigned target in the brain. With this method it was possible to 


* Present address: Neurophysiological Laboratory, Department of Pharmacology, Harvard 
Medical School, 25 Shattuck Street, Boston 15, Massachusetts. | 


oid 
olar 4 
n of 
by 
on: 
ion | 

33, 
on, 
ew 
on 
or 
al- 
e 
ial 

ia | 
al | 
>}. 


92 D. H. HUBEL 


record from single units in the depths of the brain for periods of several hours, despite movements 
of the head of the freely moving cat. 

The technical details given in the following paragraphs are not necessary for an understanding 
of the results to be presented. The electrode positioner was similar in principle to that used for 
cortical recording (Hubel, 1959); a piston was raised or lowered inside a Perspex cylinder by 
mineral oil conveyed through a vent in the cylinder’s lid. A fine (26-gauge) hollow steel needle 
mounted in the piston held the electrode in its lower end. This electrode holder was clamped in a 
metal sleeve by a set screw (Text-fig. 1a), and was easily replaced by steel needles of other lengths, 
The metal sleeve was joined to the input pin in the lid of the cylinder by a coiled wire. 


Cylinder Fixed portion 
Oil outlet. | Wax container 
Lid / support 
Oil inlet | | } A 
/ 4 Piston Connector 
Sleeve 


Hydraulic positioner Adapter 
Text-fig. 1. Diagram of micro-electrode positioner, adapter, and implant. Hydraulic positioner 
and adapter are shown in cross-section; a top view of the adapter is shown to the right of 
the figure. Fixed portion of the adapter is cross-hatched. Set screws (a-d) are described in 
the text. | | 


A brass connector, threaded into the cylinder’s lower end, attached the hydraulic positioner 
to the adapter. The connector held a steel guard, a 19-gauge hollow steel needle sharpened at its 
lower end. The 26-gauge electrode holder could slide freely inside the guard, and was separated 
from it by a thin insulating coating of Kel-F (fluorocarbon polymer made by Minnesota Mining 
and Manufacturing Co., Ltd.). Before the beginning of a recording the electrode, bent at its 
upper end to hold it in position, was inserted into the lower end of the holder. The piston 
was then retracted until the electrode tip was just inside the guard. When the positioner was _ 
attached to the implant, the guard was directed into the brain, its tip coming to rest within 
several millimetres of the target structure (e.g. the lateral geniculate body). The electrode was 


then hydraulically advanced over the remaining distance. 


The implant was a hollow Kel-F peg 13 mm in diameter and 15 mm long. Its lower half was 
threaded outside with oversize threads for insertion into the skull (Hubel, 1959). The upper half 
was smooth except for a single longitudinal slot. The adapter fitted over the outside of the 
implant and was held by a set screw (Text-fig. 1b) which fitted into the slot. Threads lining the 
inside of the implant held a plug for blocking the hole when recordings were not being made. 

The adapter consisted of a fixed part which fitted on the implant (Text-fig. 1, shaded portion), 
and an adjustable socket and director which held the micro-electrode positioner. The guard was 
inserted through the director until the lower part of the brass connector came to rest in the socket. 
The outside of the socket formed a rectangular block (with bevelled corners). Two D-shaped 
supports held this block firmly between them. The supports fitted into the cup-shaped upper 
recess of the fixed portion of the adapter. They could rotate in this recess, and the socket and 
director could tilt and move back and forth between them. The angle between micro-electrode 
positioner and implant was thus variable over a wide range, being limited only by the inside wall 
of the implant. Once adjusted, the position of the socket and director was fixed by a single set 
screw (Text-fig. 1c) which tightened the D-supports against the socket. 

For stable recordings a ‘closed chamber’ was used to seal off the surface of the brain from the 
atmosphere (Davies, 1956). The space around the director was filled with wax. A thin-walled — 
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brass tube acted as a wax container, keeping the wax within the lumen of the implant. A flange, 
continuous with the upper end of the tube, was held in position between the floor of the fixed part 
of the adapter below and the D-shaped supports above. The space above the cortex was completely 
closed when the upper surface of the implant pressed against a rubber washer beneath the flange. 

Before mounting the adapter, the lumen of the implant was filled with oil. The adapter, 
previously adjusted for a specific target, with wax in place, and with a stilette temporarily blocking 
the lumen of the director, was placed over the implant, excess oil escaping along the slot. The set 
screw (Text-fig. 1b) was tightened in the slot. The stilette was removed, and the cylinder was 
attached by inserting the guard into the director and driving its tip carefully into the brain. The 
cat showed no distress during this procedure. The connector was tightened firmly in its socket by 
a set screw (Text-fig. 1d). 

A system was developed for adjusting the adapter, and hence the aim of the needle entering 
the brain. The anaesthetized animal was put in the stereotaxic apparatus only for the initial 
implantation. The implant was mounted in the skull by the method described for cortical re- 
cordings (Hubel, 1959). Its precise position and orientation were not critical: most were placed 
19 mm lateral to the mid line, at Horsley—Clarke frontal plane + 6-5 mm. From this site both the 
left and the right lateral geniculates could be reached. 

A brass tube served as a substitute for the implant. Its upper half was of the same shape, 
slotted in the same manner, as the upper part of the implant. Its lower half was wider, and fitted 
smoothly over the implant. A set screw in the lower section fitted into the slot of the implant, so 
that when the substitute peg was placed over the implant the slots of both were in line. The 
substitute peg was mounted on a Horsley—Clarke electrode carrier in such a way that advancing 
the electrode carrier moved the peg along its own axis. After the implant was inserted the electrode 
carrier was adjusted so that when advanced the substitute peg fitted precisely over the implant 
(Plate 1a). Thus when the. animal was removed from the stereotaxic instrument the electrode 
holder had only to be advanced a further known distance to bring the substitute peg into the 
former position. 

' The adapter was adjusted by placing it on the substitute peg, positioned as described above, and. 
by setting a second electrode carrier to indicate the position of the target (Plate 1), as determined 
from a stereotaxic cat atlas (Jasper & Ajmone-Marsan, 1954). A 19-gauge stilette was put through 
the director, and the adapter adjusted so that the stilette’s tip coincided with the target. The 
D-shaped supports were then tightened with set screw c (Text-fig. 1), fixing the socket and director 


in position. The distance from the floor of the socket to the target was measured, for determining 


the lengths of the electrode holder and guard. The adapter was removed from the substitute peg. 
For the closed chamber, melted wax was dripped into the space inside of the wax container, so as 
to surround the director. When these adjustments resulted in successful recordings from the — 
lateral geniculate, the same settings were kept for several penetrations, and then changed slightly 
to avoid making many penetrations along the same track. 

The micro-electrodes were electropolished tungsten wires coated with a vinyl lacquer (Hubel, 
19576). Electrolytic lesions were made by a method described previously (Hubel, 1959). 

Methods for visual stimulation were generally the same as those used in cortical studies (Hubel, 
1959). A large screen several feet from the cat was illuminated diffusely or by a circular spot of 
light subtending an angle of 2° at the cat’s eyes (corresponding to 0-5 mm on the cat’s retina). 
The spot luminance measured 1-0 cd/m*, and was always used against a diffuse background 
light, having a luminance 1-9 log,, units less, to avoid the greatly increased sensitivity to scattered 
light which accompanies dark adaptation. On several occasions an annular light stimulus was 
projected on the screen in place of the usual circular spot. It was of the same brightness, and had 
an outer diameter subtending 6° at the cat’s eyes, and an inner diameter of 2°. It was made by 
a separate flashlight mounted beside the one producing the spot, adjusted so that both ape and 
annulus were always concentric. 
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RESULTS 

Criteria for distinguishing cell spikes and axon spikes 
In recordings from visual pathways, from optic tract to striate cortex, two 
types of unit spikes were seen. Spikes of the first type were recorded only 
from grey matter, and were therefore presumed to be from cells. When first 
detected they were small (several hundred microvolts) and either negative 
or negative—positive. As the electrode advanced they became larger (up to 
several millivolts) and positive—-negative, with a clear inflexion on the ascending 
limb of the positive phase (Text-fig. 24). What was presumed to be synaptic 
noise was sometimes seen and heard during recordings from units with large 
spikes. 


A 8 


Text-fig. 2. A, Cell-type spike, recorded from cerebral cortex. Note inflexion on rising phase. 
B, Two spikes recorded from optic tract. Note notch immediately following the peak of 
each spike. Positive deflexions upward; time constant 1 msec; duration of sweeps, A 10 msec, 
B 5 msec. Spike amplitudes, A 5 mV, B 0-2 mV. 


Spikes of the second type were recorded from both grey and white matter; 
in white matter all spikes were of this type. They were presumed to originate 
from myelinated fibres. They were generally initially positive from the time 
they were first seen, and were often purely positive. When they first appeared 
they had no inflexion or notch, and the rising phase was extremely steep. As 
they reached a maximum of several millivolts and then declined, they usually 
developed a notch (Text-fig. 2B). This varied in position not only from unit 
to unit, being anywhere on the rising or falling phase, but to some extent 
from one spike to the next in the same unit. As the electrode advanced the 
notch gradually deepened until the spike was split into two components, the 
second of which finally tended to drop out. | 

‘In the present studies these criteria are based on anatomical and histological 
evidence for determining electrode tip positions, white matter giving only 
fibre spikes, and cell spikes occurring only in grey matter. The criteria are not 
necessarily valid in regions other than those studied here, and they are 
probably not infallible even in these areas. 


Identification of geniculate units 
Histological methods were used to determine the sites from which recordings 
_ were made. In Plate 2 an example is given of three electrolytic lesions made 
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in a single penetration of the right lateral geniculate (shown in frontal section). 
The electrode penetrated the geniculate body contralateral to the site of 
implantation, advancing in a slightly dorsoventral direction. The lesion indi- 


cated by the left-hand arrow was made to establish a datum point near the 


beginning of the penetration: a slight advance of the electrode resulted in a 
marked increase of background unresolved spike activity as the geniculate 
body was entered. A similar richness of background activity was often found 
in the cortex, but was not seen in the optic tract or radiations. In the cortex 
background firing was uninfluenced, or only weakly influenced, by diffuse 
light stimulation, whereas in the lateral geniculate light flashes produced 
intense activation. The appearance of background activity easily influenced 
by diffuse light stimuli seemed to be a reliable indication of the entry of the 
electrode into the geniculate. 

Two more lesions were made in this penetration while recording from single 
cells within the lateral geniculate nucleus. These are indicated by the middle 
and right-hand arrows of Plate 2. These units had the characteristic firing 
patterns and responses to be described below. 

In the following paragraphs the term ‘geniculate units’ refers to lateral 
geniculate cells or their axons. Units responding to light stimulation and 
showing the clustered firing patterns to be described were found in the lateral 
geniculate body, optic radiation, and deeper layers (V and VI) of the striate 
cortex. Fibres exhibiting these patterns were found at all three levels, whereas 
cell bodies with this type of activity were seen only in the lateral geniculate 
nucleus. It is thus likely that these were lateral geniculate units, as defined 
above, since the principal cells of the lateral geniculate send their axons 
through the optic radiation to the striate cortex as far as the [Vth layer. This 
conclusion was strengthened by the finding that responses of these units to 
light were similar at all three levels, but differed greatly from responses of 
cortical cells (see below). 


Patterns of firing of geniculate units: arousal effects and responses 
to diffuse light 

Most geniculate units showed impulse activity in the absence of inheantinad 
light stimulation. Striking differences were seen in the pattern of this main- 
tained activity, depending on the animal’s waking state. A record of a unit 
isolated in the lateral geniculate body is shown in Text-fig. 3. In the awake 
animal (Text-fig. 3.4) impulses occurred at more or less random intervals, the 
discharge pattern resembling, at least superficially, that described for retinal 
ganglion cells by Kuffler et al. (1957). Impulses were recorded on moving 
film as vertical deflexions of an unswept oscilloscope beam, and also as hori- 
zontal deflexions of a separate beam swept from below upwards, triggered by 
the spikes themselves. 
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As the animal became drowsy and finally slept (Text-fig. 3 B), there developed 
an increasing tendency to firing in characteristic brief, high-frequency clusters 
of impulses. Each cluster consisted of 2-8 spikes at frequencies of up to 

500/sec or more. These are best seen on the expanded time scale of the swept 

beam. Intervals between spikes were least initially, and increased during the » 
course of each cluster. Clusters occurred at rates of the order of 0-5-5/sec. | 
These bursts of repetitive firing were seldom if ever seen in geniculate units 
when the animal was alert. 


Text-fig. 3. Patterns of firing of a lateral geniculate cell. A, cat awake; B, cat asleep. Upper 
beam is swept from below upwards; sweeps are triggered by the spikes. Positive deflexions, 
upward for continuous bean, to the left for swept beam. Time, continuous beam, | sec; 
swept beam, 10 msec. | 


Unlike cortical cells, geniculate units generally responded strongly and 
consistently to illumination of a large part of the cat’s visual field. In sleeping 
cats responses were studied by stimulation with light diffused through the 
closed eyelids. Some units gave ‘on’ discharges to diffuse light stimuli; 
others responded with ‘off’ discharges. An occasional unit was activated 
after both the onset and cessation of the stimulus. The two units illustrated 
in Text-fig. 4 were recorded from grey matter of the striate cortex or the 
white matter just beneath. In the unit of Text-fig. 4A a period of illumination 
lasting several seconds evoked a discharge of impulses. In the upper record 
(Text-fig. 4A, 1) the animal was awake and alert, as is reflected by the flat 7 
surface electrocorticogram in the lower beam. In Text-fig. 4.4, 2, the animal 
was asleep. The surface record showed slow wave activity, and the unit tended 
to fire in clusters. Light stimulation not only produced a discharge, but also 
abolished the clustering, whereas during the period of slowest firing following 
the stimulus, clusters were especially prominent. | 
- The unit of Text-fig. 4B responded with an ‘off’ discharge following the 
light stimulus, and during the stimulus period the firing rate was reduced to 
a rate less than the maintained rate. With the cat asleep clusters were present, 
and, as in the previous unit, were most common during periods of reduced 
firing (this time during ‘on’),.and were abolished when the unit was activated. 

Thus light stimuli which in the awake animal activated the unit, had in the 
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drowsy or sleeping state the additional effect of eliminating clustered activity. 
Stimuli which decreased firing in the waking animal tended in sleep to increase 
the number of clusters. 

In rsost experiments some background illumination was present, so that 
animals could be observed and handled, and also to avoid dark adaptation. 
As the animal slept, closing of the eyes undoubtedly produced a decrease in 
retinal illumination. However, passively closing the eyes of a waking cat never 
produced clusters. In a few experiments done in absolute darkness, arousal 
by a brief noise had the effect of abolishing clusters. It was therefore clear 
that the appearance of clusters was not related to a decrease of retinal stimula- 
tion resulting from eye closure. 


Text-fig. 4, Responses to diffuse light of two fibres recorded from deep in the cortex, possibly 
from subcortical white matter; similar responses were recorded from geniculate cells. 
A, unit giving ‘on’ responses; B, unit giving ‘off’ responses. 1, cat awake; 2, cat asleep. 
Upper line in each record indicates when light is on. Second beam in A is swept from below 
upwards, sweeps triggered by spikes; positive deflexions are to the right. Third beam, 
continuous record from micro-electrode, positive downward. Fourth beam, surface electro- 
corticogram. Second and fourth beams omitted from B. Time, 1 sec. 


No attempt was made to compare quantitatively the responses to light 
stimuli in waking and sleeping cats, since the amount of light reaching the 
retina was not necessarily the same in the two states. This was not thought 
to be important for the qualitative observations on firing patterns, since these 
held over the entire available range of stimulus intensities (2-3 log. units). 


Responses of geniculate units to restricted light stemulation 
By exploring the visual fields of the cat with a small spot of light one could 
sometimes find a restricted region over which a geniculate unit could be 
activated. It was only rarely that a receptive field could be thoroughly 


explored, since a waking cat seldom kept its eyes fixed for more than a few 
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- minutes. The unit of Text-fig. 5 was recorded from a cell in the lateral genicu- 
late. A 2° spot of light, positioned on the screen for maximal response, gave 
strong activation during the period of illumination. An annular stimulus 
centred over the same region gave almost complete cessation of firing, with 
an ‘off’ discharge (Text-fig. 5B). The retinal area over which this unit could 
be influenced (the receptive field) thus consisted of a central region from which 
activation was produced, and a peripheral inhibitory (‘off’) region. 


Text-fig. 5. Responses of a geniculate ‘on-centre’ cell to restricted (A, B and C) and diffuse (D) 
light stimuli. A, 2° spot positioned on screen for maximum response. B, annular stimulus 
concentric with position occupied by previous circular spot. C, responses to 2° spot moved 
horizontally back and forth across receptive field; downward deflexion of upper beam 
indicates movement of spot to the right. D, cat asleep; diffuse light stimulation. Positive 
downward; time, 1 sec. 


Each unit responded to illumination of a restricted portion of the visual. 
field. In the six units studied satisfactorily with 2° spots it was clear that 
receptive field arrangements were qualitatively similar to those of retinal 
ganglion cells (Kuffler, 1953), that is, they had an ‘on’ centre and an ‘off’ 
periphery, or an ‘off’ centre and an ‘on’ periphery. | 

Moving a spot horizontally back and forth across the receptive field of the 
unit of Text-fig. 5 evoked, at each crossing, responses of about the same 
magnitude for the two directions (Text-fig. 5C). This equality of response to 
the two directions of horizontal movement was a constant finding in geniculate — 
units, and was in marked contrast with the pronounced differences seen in 
many cortical cells. | 
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The lower record of Text-fig. 5 shows responses of the same unit to a 
diffuse light stimulus, with the cat asleep. Clusters were present, and, in 
typical fashion, were most prominent during periods when the unit was least 
activated—in this unit, preceding and following the stimulus. 

‘On’-centre units gave ‘on’ responses to diffuse light, as is illustrated in 
Text-fig. 5D. Similarly the ‘off’-centre units studied gave ‘off’ responses to 
diffuse light. Thus in both types of unit the central type of response prevailed 
over the peripheral. Units giving ‘on-off’ responses to diffuse light were not 
common, and in this series none were examined with restricted light stimulation. 


Optic tract recordings 


Fibres from retinal ganglion ‘cells were studied in the optic tract. As with 
geniculate units, the location of the electrode tip was established histologically. 
In one experiment, for example, electrolytic lesions were made while recording 
from two successive units. A frontal section through the two lesions is shown 
in Plate 3, and leaves no doubt that the structure giving these records was 
optic tract. 

As the electrode advanced through the optic tract many units were observed 
in succession, all fulfilling criteria for fibre spikes. Responses to diffuse 
light stimuli were very brisk. In contrast with records from geniculate units, 
clustered firing patterns were never seen. These features, a succession of fibre 
records in the absence of cell records, brisk responses to light, and an absence 
of clusters, became the criteria by which st tract records were, in practice, 
recognized. 

A set of records from an optic tract unit is shown in Text-fig. 6. In the 
diagram to the left of each record the centre of the receptive field is indicated 
by the point of intersection of the two axes. In this unit diffuse light evoked 
responses following both ‘on’ and ‘off’ (Text-fig. 6A), the ‘on’ component 
being preceded by a brief period of inhibition. A 2° spot positioned for maxi- 
mum response completely suppressed firing, and gave ‘off’ discharges (B). 
When the spot was moved 2° to either side, ‘on’ responses were evoked (C). 
These results are in agreement with those of Kuffler (1953), who used the term 
‘off-centre’ to designate this type of receptive field. Each time the spot was 
moved across the receptive field (Text-fig. 6 D) firing was interrupted briefly 
and a brisk discharge followed.. As with geniculate units, the size of the 
response was independent of the direction of horizontal movement. 

Responses of an ‘on’ centre unit are shown in Text-fig. 7. In this example 


diffuse light and a 2° spot both evoked ‘on’ responses. Horizontal spot move- 


ment across the receptive field produced a discharge at each crossing, followed 
by a pause in firing. The sequence was thus the reverse of the previous example. 


- Responses to the two directions of horizontal movement were equally brisk. 


The periphery of this ee field was apparently not very effective, since 
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no ‘off’ response could be evoked with a 2° spot, and since the response to 
diffuse light contained no ‘off’ component. 


Text-fig. 6. Responses of an optic tract ‘off-centre’ unit. A, diffuse retinal illumination, evoking 

_ @ mixed response. B, central-type ‘off’ responses evoked by a 2° spot of light. C, peripheral- 

type ‘on’ responses to the same spot, moved 2° to the right. D, 2° spot moved horizontally 

back and forth across the receptive field; downward deflexion of upper beam indicates 
movement of spot to right. Lower beam, positive deflexions downwards. Time, 1 sec. 


Text-fig. 7. Optic tract fibre (‘on-centre’). A, response to diffuse light stimulation; B, responses 

: to a restricted light spot, at first moving, then stationary. Upper beam is blanked when 

light is off; downward displacement indicates movement ” spot to right. Lower beam, 
positive deflexions downwards. Time, 1 sec. 


DISCUSSION 


In contrasting the present findings with previous unit studies in the cortex, 
one may consider separately responses to diffuse light; patterns of firing and 
arousal effects on these patterns; and responses to restricted spots of light, 
both stationary and moving. The marked differences, especially between 
geniculate and cortical units, — that the cortex has complex integrative 
functions. 
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Daffuse light 

One of the most striking differences between geniculate and cortical cells 
was to be found in the degree to which they responded to diffuse light stimula- 
tion. Previous studies (Hubel, 1959; Hubel & Wiesel, 1959) showed that most 
cortical cells are activated poorly or not at all by diffuse stimulation of large 
retinal areas. This relative ineffectiveness of diffuse light may be compared 
with the brisk activation of the same units in response to restricted light 
stimuli, and also with the effectiveness of diffuse light in activating geniculate 
and optic tract units. It has usually been possible to identify cortical units 
responding briskly to diffuse light as fibres, and those shown histologically to 
be in grey matter have so far all been in the deeper layers (V and VI) where 
specific afferent fibres are known to be plentiful. Because these units had the 
same firing patterns and responses to diffuse and restricted light as were 
found in geniculate cells, it is likely that they were the axons of these cells. 

It is concluded that most of the cortical units described in previous studies 
as responding vigorously to changes in diffuse illumination (Hubel, 1957a; 
1958, b) were afferent fibres. In recordings from visual cortex in the ‘ encéphale 
isolé’ cat, Jung and his co-workers (Jung, 1953, 1958; Jung & Baumgartner, 
1955) distinguished units unresponsive to diffuse light (A units) from those 
responding with ‘on’, ‘off’, or ‘on-off’ discharges (B, D and E units). It is 
likely from the present findings that any afferent fibres included in the series 
by these authors would have been classed as B, D or E units.. Some units so 
classed were probably cells, since some cortical cells do respond to diffuse 
light, although weakly in comparison with their responses to restricted light 
stimuli. It is probable that ‘A units’ belonged to the large group of cortical 
cells which can be activated by restricted light stimuli, but not by diffuse light. 


Patterns of firing 
In geniculate units there was a strong tendency for discharges to occur in 


' repetitive bursts or clusters. Such clusters were not seen in optic tract fibres. 


Though grouped firing was common in the cortex (Hubel, 1959) the bursts 
were longer, less regular, and of lower frequency. Firing in short, high- 
frequency bursts has been observed in many parts of the nervous system, in 
maintained activity and in response to natural or electrical stimulation (for 
reviews, see Rose & Mountcastle, 1954; McIntyre, Mark & Steiner, 1956). 
Maintained firing of this type was observed by Adrian & Moruzzi (1939) in 
neurones of the pyramidal tract, groups of two or three closely spaced impulses 
being synchronized with individual surface slow waves of the motor cortex. 
At that time it was not clear whether the high-frequency activity was normal 
or was related to the use of anaesthetics. The present observations show that 


clustered firing can occur in the central nervous system as a natural event, 
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unrelated to local injury (as shown by the disappearance of clusters with 
arousal and by their occurrence in records from fibres), to anaesthetics, or to 
artificial stimuli. 3 

In the geniculate, clusters were seen only during natural sleep, and their 
abolition by arousal was not dependent on changes in the light reaching the 
retina, since the effect was reproducible in complete darkness. Thus it seems 
clear that geniculate neurones can be influenced by means other than visual, 
although from the present study there is nothing to suggest which of the 
afferent pathways to the geniculate mediates these arousal influences. There 
is an interesting parallel between effects of arousal on cortical cells (Hubel, 
1959) and on geniculate units. In both, grouped firing was smoothed out, and 
discharges became more or less random. Since cortical cells were not easily 
activated by visual stimuli when the animal’s eyes were closed (the light being 
diffuse), the influence of specific sensory stimulation on their firing patterns 
could not be studied in natural sleep. 


For clusters to appear in the geniculate, a particular set of circumstances is 


required. The animal must be drowsy or asleep, and the unit must not be 
activated by visual means. In the aroused animal a geniculate unit may be 
made, by light stimuli, to vary in its excitation from very rapid firing to 
complete cessation, without showing clustered firing at any stage. How the 
sleeping state influences the cell so that at lower levels of excitation clustering 
occurs is at present obscure, and may only be clarified by intracellular methods. 


Restricted light stimula 

The concentric receptive field organization described for the retinal ganglion 
cell by Kuffler (1953), and confirmed in the optic tract in the present paper, 
has here been found to hold for units of the dorsal lateral geniculate. In both 
geniculate and optic tract it has been established that crossing a receptive 
field with a small spot of light evokes responses which are not significantly 
different for different directions of crossing. In a previous paper (Hubel & 
~ Wiesel, 1959) it was found that receptive fields in the striate cortex do not 
generally have a concentric arrangement of excitatory and inhibitory areas, 
and that.responses to moving stimuli usually vary with direction of movement. 
From present results it seems likely that these complex fields and movement 
responses are a product of the integrative capacity of the striate cortex, since 
they are not found in geniculate or retinal units. 


SUMMARY 
1. A method is described for stereotaxic recording from single units from 
subcortical structures in the unanaesthetized, freely moving cat. 
2. Patterns of firing and responses to diffuse and restricted light stimuli 
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were studied in optic tract, lateral geniculate body and optic radiations; these 
were compared with previous findings in cells of the striate cortex. 

3. Most geniculate cells responded briskly to diffuse light stimuli. In sleep, 
they tended to fire impulses in brief, high-frequency clusters. Arousal, or 
- activation by light stimulation, abolished these clusters. 

4, Similar firing patterns and responses were recorded from fibres in the 
optic radiation and the striate cortex below layer IV. These fibres were pre- 
sumed to be geniculate axons. 

5. Receptive fields were studied in a small number of geniculate neurones. 
These had a concentric arrangement of excitatory and inhibitory (‘on’ and 
‘off’) regions, similar to that described for retinal ganglion cells by Kuffler 
(1953). This arrangement was confirmed for units in the optic tract. 

6. A spot of light moved across the receptive field of a geniculate or optic 
tract unit produced responses which were independent of the direction of 
movement, | 

7. From a comparison of optic tract and geniculate units with cortical cells, 
in their responses to diffuse and restricted light stimuli, it is concluded that 
the cortex is the site of complex integrative processes. 


I wish to express ry gratitude to Miss Kathleen Frank and to Mr C. QO. Henson for their un- 
failing technical essistense, and to Dr W. J. H. Nauta and Mrs M. H. Albrecht for preparing the 
histological material. 
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EXPLANATION OF PLATES 


Procedure for adjusting adapter. (A) Anaesthetized cat is in Horsley—Clarke instrument. An 
implant for cortical recording has been placed over the right striate cortex, and a depth- 
recording implant over the left hemisphere, further laterally. The brass substitute peg, held 
by an electrode carrier, covers the depth-recording implant: its lower part and a portion of 
its upper are visible. After the cat is removed, advancing the brass peg along its own axis 
brings it into the position previously occupied by the implant. (B) Adapter is supported on 
the substitute peg, which has now been advanced to take the position previously occupied 
by the implant. Target is indicated by vertical pointer held in the electrode carrier to the 
left of the photograph. A 19-gauge stilette is put through the director hole, and the adapter 
is adjusted so that the stilette’s tip touches the tip of the vertical pointer. 


PLATE 2 | 

Coronal section (paraffin, cresyl violet stain) through right lateral geniculate body, showing 

electrode track and three electrolytic lesions made during a penetration (indicated by 

arrows). Peg was implanted over left hemisphere; track proceeds from left to — and 
ventrally. A, low power, scale 1 cm; B, 


Coronal section through left optic tract, showing two electrolytic lesions made while recording 
from two optic tract fibres. Electrode proceeded from right to left and ventrally. A low 
power, scale 1 cm; B, high power, scale 2 mm. 
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THE EFFECTS OF ELECTRICAL STIMULATION OF VISCERAL 
AFFERENT NERVE FIBRES ON MONOSYNAPTIC AND 
POLYSYNAPTIC REFLEX RESPONSES 


By M. H. EVANS anp A. McPHERSON 


From the National Institute for Medical Research, 
Mill Hill, London, N.W. 7 
and the Medical Research Council Clinical Research Wing, 
Institute of Orthopaedics, Stanmore, Middlesex 


(Received 26 June 1959) 


Stimulation of visceral afferent nerve fibres evokes activity in skeletal 
muscles (Miller & Simpson, 1924; Mellanby & Pratt, 1940; Downman & 
McSwiney, 1946) and leads to alterations in somatic reflexes (Dusser de 
Barenne & Ward, 1937; Schweitzer & Wright, 1937). 3 

The first investigation of the nature and time course of viscero-somatic 
interaction was made by Downman (1955) in anaesthetized, decerebrate 
and spinal cats. Later, Evans & McPherson (1958) showed that electrical 
stimulation of the afferent fibres in the sympathetic chain or splanchnic 
nerves facilitated monosynaptic reflexes and inhibited long-latency poly- 
synaptic reflexes elicited from the hind-limb nerves of chloralosed and 
spinal cats. The present paper describes additional features of these inter- 
actions, and the interactions that follow stimulation of the pelvic, hypo- 
gastric and vagus nerves. | 


METHODS 


The experiments were carried out on forty cats weighing 1-7—5-9 kg, anaesthetized with 
intravenous chloralose (70 mg/kg); in a few of these the spinal cord was later transected at 
‘the level of C2. Some cats were decerebrated under ether anaesthesia; details of the decere- 
_ bration procedure have been given in a previous paper (Evans & McPherson, 1959). In 
order to maintain the cats in good condition all operative procedures were carried out while 
keeping the cat’s rectal temperature between 31 and 33°C. In addition, 5% (w/v) sterile 
glucose solution was infused intravenously at a rate of about 0-25—1 ml./min throughout the 
experiment, Before decerebration the cut edge of the skull was plugged with a mixture of 
bone wax and talc as the bone was removed. The urinary bladder was kept empty through- 
out all experiments by means of an indwelling catheter. 

The hypogastric and pelvic nerves were stimulated by means of conventional indwelling 
platinum electrodes. Stimulation of other nerves and nerve roots and also recording from 
_ them was similar to the technique described previously (Evans & McPherson, 1958). 
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RESULTS 


The interaction between visceral afferent impulses and somatic reflex 
arcs was studied by observing the effects of stimulation of visceral nerves 
on mono- and polysynaptic responses elicited from the sixth and seventh 
lumbar (L6 and L7) and first sacral (S 1) segments of the spinal cord. In 
the case of monosynaptic responses the peak amplitude was measured, 
Polysynaptic responses whose latency was 2—5 msec have a similar ‘spike’ 
form to monosynaptic reflexes and the peak amplitude of these responses 
was measured. 


Effects of stimulation of the splanchnic and pelvic 
nerves and of the sympathetic chain 

Cats anaesthetized with chloralose. When a monosynaptic test response 
was preceded by a single conditioning stimulus to a splanchnic or pelvic 
nerve or to the sympathetic chain in the thorax, and the interval between 
these two stimuli was varied from 0 to 300 msec, it was found that the 
monosynaptic response was increased when the interval was short and was 
often decreased when it was longer. | 
- In the case of the splanchnic nerve and sympathetic chain no significant 
difference was seen in the patterns of interaction of the monosynaptic test 
response. The shortest interval between the conditioning and test stimuli 
at which the monosynaptic test response was increased varied from experi- 
ment to experiment, ranging from 15 to 25 msec. The longest intervals 
between conditioning and test stimuli at which the monosynaptic test 
response was increased, varied from 35 to 60 msec. 

In the case of the pelvic nerve the shortest interval between condi- 
tioning and test stimuli at which the monosynaptic response was increased 
varied in different experiments from 23 to 40 msec, and this increase was 
still present at intervals that varied between 50 and 62 msec. The upper 
graph in Fig. 1 illustrates an experiment in which monosynaptic test 
responses, recorded from the left L7 ventral root following stimulation of 
the left L7 dorsal root, were preceded by conditioning stimuli to the left 
pelvic nerve. The monosynaptic response was increased when the interval 
between conditioning and test stimuli was 23-62 msec, reaching a maximum 
of about 400 % of the control level at an interval of 37 msec. Stimulation 
of the left pelvic nerve also increased the monosynaptic response elicited 
from right-sided spinal roots. A decrease in the monosynaptic response 
after stimulation of the splanchnic or pelvic nerves or sympathetic chain 
was less frequently produced and was less pronounced than the increase. 
It occurred when the conditioning stimulus preceded the test stimulus by 
50-80 msec. In the experiment illustrated in the upper part of Fig. 2 the 
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monosynaptic response was recorded from the left L7 ventral root. 
Following stimulation of the left splanchnic nerve the monosynaptic 
response was increased in size (to more than 500%) when the interval 
between the two stimuli was 22-57 msec, but decreased below the control 
level when the interval between the two stimuli was 65-80 msec. Figure 3 
illustrates @ rare finding in chloralosed cats; the monosynaptic response 
was slightly decreased at short intervals, i.e. 20-30 msec. 
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Fig. 1. Graphs of the peak amplitudes, in arbitrary units, of the monosynaptic 
(top) and early polysynaptic (bottom) responses recorded in the left L7 ventral 
root following stimulation of the L7 dorsal root (ordinates), plotted against the 
time between the conditioning stimulus to the left pelvic nerve and the dorsal 
root stimulus (abscissae). Early polysynaptic latency approx. 1 msec longer than 
the monosynaptic latency. Cat anaesthetized with chloralose; O , unconditioned 
responses; @ , conditioned responses. 


When polysynaptic responses were examined it was found that the 
effects on their peak amplitudes of conditioning stimuli to the splanchnic 
and pelvic nerves or to the sympathetic chain depended on the latency of 
these. polysynaptic responses. A polysynaptic response whose latency was 
approximately 1-3 msec longer than the accompanying monosynaptic 
response was increased in amplitude at intervals which were similar to 
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those at which the monosynaptic response was increased. As the interval : 
between the conditioning and test stimuli was increased, the early poly- 10 
synaptic response increased at slightly shorter intervals than the mono- we 
synaptic response. These findings are illustrated in the lower graphs of by 
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Fig. 2. Graphs of the peak amplitudes, in arbitrary units, of the monosynaptic 
(top) and early polysynaptic (bottom) responses recorded in the left L7 ventral 
root following stimulation of the L7 dorsal root (ordinates), plotted against the ' 
time between the conditioning stimulus to the left splanchnic nerve and the 
dorsal root stimulus (abscissae). Monosynaptic latency 1-3 msec; early poly- 
synaptic latency 2-4 msec. Cat anaesthetized with chloralose; symbols as in Fig. 1. 
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Fig. 3. Graph of the peak amplitudes, in arbitrary units, of the monosynaptic 
(top) and.early polysynaptic (bottom) responses recorded in the right L7 ventral 
root following stimulation of the right posterior tibial nerve (ordinate), plotted 
against time between the conditioning stimulus to the left pelvic nerve and the 
tibial nerve stimulus (abscissa). Monosynaptic latency 2-8 msec; early poly- 
synaptic latency 4-9 msec; cat anaesthetized with chloralose; symbols as in Fig. 1. 
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The more complex polysynaptic responses, whose latency was more than 
10 msec longer than that of the accompanying monosynaptic response, 
were not accurately measured but were never apparently increased in area 
by conditioning stimuli and were almost invariably decreased at intervals 
between about 20 and 200 msec, often to the point of extinction. 

Decerebrate cats. The effects on monosynaptic test responses of a pre- 
ceding conditioning stimulus to a splanchnic or pelvic nerve or to a 
sympathetic chain were essentially similar to those in chloralosed cats. In 
decerebrate cats, however, the increase in amplitude of the responses was 
less pronounced than that in chloralosed cats; it started at longer intervals 
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Fig. 4. Graph of the peak amplitudes, in arbitrary units, of the seniteinaate 
responses recorded in the left L6 ventral root following stimulation of the L6 
dorsal root (ordinate), plotted against the time between the conditioning stimulus 
to the left splanchnic nerve and the dorsal root stimulus (abscissa). Decerebrate 
cat; symbols as in Fig. 1. 


between the two stimuli, varying between 19 and 40 msec; and it continued 
to longer intervals between the two stimuli (35-150 msec). Figure 4 
illustrates such an experiment, in which monosynaptic test responses were 
recorded from the left L6 ventral root following stimulation of the left 
L6 dorsal root. The conditioning stimulus was applied to the left splanchnic 
nerve. The monosynaptic response was increased when the conditioning 
stimulus to the splanchnic nerve preceded it by 40-150 msec, reaching a 
maximum of about 200% of the control level at 105 msec. In some 
experiments on decerebrate cats there was hardly any increase in the 
monosynaptic test response following a seaumesseme stimulus to a visceral 
afferent nerve. 
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In decerebrate cats a conditioned decrease in the monosynaptic test 
response was also seen and was usually more pronounced than the con- 
ditioned decrease seen in chloralosed cats. In the experiment illustrated 
in Fig. 4 the monosynaptic response was markedly decreased when the 
- conditioning stimulus to the splanchnic nerve preceded it by 180-265 msec, 
at one interval being reduced to approximately 10% of the test level. 

In decerebrate cats both early and late polysynaptic responses were 
affected by conditioning stimuli to the splanchnic and pelvic nerves and 
sympathetic chain in the same way as in chloralosed cats. 

Spinal cats. In spinal cats the monosynaptic test responses were con- 
ditioned in a similar manner to chloralosed cats. 


Effects of stimulation of the hypogastric 
and vagus nerves 

In the majority of experiments, both in chloralosed and decerebrate cats, 
stimulation of the central cut end of either vagus nerve in the neck had no 
effect on mono- or polysynaptic responses elicited from the lumbar seg- 
ments of the spinal cord. In one experiment, on a chloralosed cat, strong 
stimulation (20 V, pulse duration 1 msec) of the right vagus nerve in- 
creased the contralateral monosynaptic response when the vagal stimulus 
preceded it by 65-75 msec. In another experiment, on a decerebrate cat, 
strong stimulation (70 V, pulse duration 2 msec) of the left vagus nerve 
slightly increased the ipsilateral monosynaptic response when the vagal 
stimulus preceded it by about 70-160 msec. Schweitzer & Wright (1937) 
found that strong stimulation of the vagus nerve inhibited the knee jerk. 
In the present series of experiments an attempt was made to reproduce the 
stimulation parameters used by them; the vagus nerve was stimulated 
‘repetitively (100 c/s) for periods of 2-20sec. Such stimuli transiently 
decreased the ipsilateral monosynaptic responses to a slight degree. This 
decrease might have been due to a change in the arterial blood pressure, 

which was not measured. 
The conditioning effects of stimulation of the central cut end of a hypo- 
gastric nerve were only studied in chloralosed cats, and usually this stimu- 
lation had no effect on mono- or polysynaptic responses. In two experi- 
ments the monosynaptic responses from the lumbar segments of the spinal 
cord were increased when the intervals between conditioning and test 
stimuli were 20-70 msec in one and 50-150 msec in the other. Strong 
stimuli to the hypogastric nerve had to be used to produce these effects. 
Figure 5 illustrates the experiment in which the increase occurred when 
the interval between the two stimuli was between 20 and 70 msec. In this 
experiment there was also some decrease in the monosynaptic response at 
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intervals of 100-160 msec and a long-latency polysynaptic response (not 


illustrated in the figure) was serencsted depressed at intervals between 
20 and 160 msec. 
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Fig. 5. Graph of the peak amplitudes, in arbitrary units, of the monosynaptic 
responses recorded in the left L7 ventral root following stimulation of the nerve to 
the soleus muscle (ordinate), plotted against the time between the conditioning 
stimulus to the right hypogastric nerve and the soleus nerve stimulus (abscissa). 
Cat anaesthetized with chloralose; symbols as in Fig. 1. 


DISCUSSION 


The experiments described in this paper show that as well as the facili- 
tation of monosynaptic reflexes that follows stimulation of a splanchnic 
nerve or sympathetic chain (Evans & McPherson, 1958) there is also a 
period of inhibition of the somatic reflex arcs. In addition, visceral afferent 
fibres in the pelvic nerves were also shown to be capable of facilitating and 
inhibiting somatic reflex arcs. Visceral afferent nerve fibres which accom- 
pany the vagus and pelvic nerves showed no major differences in their 
effects on somatic reflexes from those of visceral afferent nerve fibres ac- 
companying the splanchnic nerve and sympathetic chain. The interval 
between conditioning and test stimuli at which the somatic reflex arc was 
facilitated was longer in the case of the pelvic nerve than in the case of 
the splanchnic nerve or sympathetic chain, although the afferent fibres of 
the pelvic nerve enter the spinal cord nearer to its lumbar segments than 
do the afferents from the splanchnic nerve or sympathetic chain. This 
difference in time course could be explained by assuming that the intra- 


- spinal pathways of afferent fibres from the pelvic nerve have a greater 


number of interneurones. The finding that stimulation of the afferent fibres 


~ of the vagus nerve in the neck seldom had any effect on lumbar somatic 


reflex ares seems to be at variance with that of Schweitzer & Wright (1937) 
but the latter stimulated the vagus nerve repetitively and examined the 


be 


112. M.H. EVANS AND A. McPHERSON 


somatic reflexes by studying the knee jerk with intact somatic afferent and 
efferent pathways. 


The hypogastric nerve, which contains few myelinated afferents © 


(Langley & Anderson, 1894-5) also had little effect on lumbar somatic 
reflex arcs. If, as Amassian (1951) suggests, the effects on somatic moto- 
neurones of stimulation of visceral afferents are mediated by the A gamma- 

delta group of fibres in the visceral nerves, then stimulation of the hypo- 
gastric nerve would not be expected to affect somatic reflexes to any 
great extent. 

Visceral afferent stimuli facilitated monosynaptic responses at certain 
intervals between the conditioning and test stimuli and this facilitation 
was followed by inhibition as the intervals were increased. A simple 
explanation of this would be to assume that visceral afferents can affect 
motoneurones through an excitatory pathway and also through a more 


slowly conducting inhibitory pathway. Two such pathways could account — 


for all the commonly observed effects of visceral afferent stimulation on the 
monosynaptic and early polysynaptic responses. They could also account 
for the fact that the late polysynaptic response is inhibited at stimulus 
intervals at which the monosynaptic response is facilitated, because the 
greater conduction time over the long-latency somatic arcs would lead to 
the late polysynaptic response falling within the inhibitory phase of the 
visceral conditioning. ! : : 
However, the concept of only two types of visceral afferent pathway 
acting on the motoneurones, one excitatory and the other a slower and 
inhibitory one, is not entirely adequate, because it does not explain the 
inhibition of monosynaptic responses sometimes seen at intervals between 
conditioning and test stimuli of only 20-30 msec. It would seem that 
visceral afferent impulses can produce additional inhibition of mono- and 
polysynaptic somatic reflexes, but the mechanisms involved are at present 
unknown. | 
_ The view previously expressed (Evans & McPherson, 1959) that some of 
the inhibitory effects of visceral distension could be due to bulbar inhi- 
bitory mechanisms is supported by the present experiments on decere- 
brate cats, because pronounced inhibition of mono- and polysynaptic 
responses could be produced. However, inhibition of mono- and poly- 
synaptic responses was also shown to occur in the spinal animal, and 
although bulbar influences may be responsible for some of the inhibitory 
effects of visceral afferent impulses, some inhibition must therefore result 
from purely spinal mechanisms. 
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SUMMARY 


1. Monosynaptic and polysynaptic responses were used to test the 
excitability of somatic spinal reflex arcs in the lumbar and upper sacral 
segments, in cats anaesthetized with chloralose, and in decerebrate or 
spinal cats. | 

2. Single-shock stimulation of visceral afferent nerve fibres both facili- 
tated and inhibited monosynaptic reflex arcs. Facilitation usually occurred 
at intervals between conditioning and test stimuli which were shorter than 
those producing inhibition. Short-latency polysynaptic arcs were also 
facilitated but long-latency polysynaptic reflex arcs were inhibited. 

3. These excitability changes were commonly seen on stimulation of the 
afferent fibres in the splanchnic and pelvic nerves and in the sympathetic 
chain, but were seldom seen after stimulation of the vagus or hypogastric 
nerves. 


Wé should like to acknowledge the advice and facilities placed at our disposal by Dr W. 
Feldberg, Sir Charles Harington and Mr H. J. Seddon and also the technical assistance of 
Mr G. Pierson. 
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(Received 7 July 1959) 


Reserpine causes a loss of noradrenaline and of 5-hydroxytryptamine 
from the brain, and many attempts have been made to correlate the 
clinical effects of reserpine with this loss. One of the difficulties in at- 
tempting such a correlation lies in the lack of knowledge about the part 
played: by noradrenaline and 5-hydroxytryptamine in normal brain 
function. Regions containing the central representation of the sym- 
pathetic system (hypothalamus, reticular formation of mid-brain and of 
medulla) are rich in both these amines. If the stores of the amines have 
an essential role in central sympathetic activity, one might expect such 
. activity to be impaired after the administration of reserpine. The following 
observations would appear to support such a possibility: peripheral 
adrenergic neurones fail to excite the tissues they innervate when reserpine 
has reduced their stores of amines to 10 % or less (Muscholl & Vogt, 1958); 
continued sympathetic activity, elicited by drugs which stimulate the 
sympathetic centres, is accompanied by a reduction in the noradrenaline 

content of these centres, a fact which demonstrates some connexion be- 
_ tween nervous activity and noradrenaline turnover (Vogt, 1954). 

The object of this work, on which a preliminary note has been published 
(Iggo & Vogt, 1959), was to test central sympathetic activity in cats in 
which reserpine administration had reduced the cerebral noradrenaline 
and 5-hydroxytryptamine to very low figures. Efferent discharge of the 
preganglionic fibres of the cervical sympathetic was used as a measure of 


central sympathetic activity. In order to assess possible changes produced 


by reserpine, it was necessary first to observe the preganglionic sympathetic 
activity of normal cats in the same experimental conditions, and to devise 
some simple means of eliciting reproducible changes in activity. 

In most of the earlier work (Adrian, Bronk & Phillips, 1932; Bronk, 


Ferguson, Margaria & Solandt, 1936; Bronk, Pitts & Larrabee, 1940), — 


which has provided the fundamental information on sympathetic 
discharge, records were derived from whole nerves, whereas in the 
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present work recordings were obtained from small nerve strands. It 
was therefore necessary to establish a normal base line for this type of 
recording. 3 

METHODS 


Cats were used for all the experiments. They were anaesthetized with chloralose (80 mg/kg 
tv. in 0-9 % NaCl solution) after induction with ether. The reserpine-treated animals had to 
be induced very slowly with a minimal amount of ether so as to avoid the danger of cardiac 
failure, and the chloralose was also given very slowly. As a result, some of the cats were only 
lightly anaesthetized after receiving the full dose of chloralose. If the anaesthesia did not 
deepen sufficiently within 30 min, a supplementary dose of chloralose was given. During the 
experiments, which lasted 4-11 hr, further injections of chloralose were given as required 
in order to prevent the appearance of jerks in response to sensory stimuli. 

Intravenous injections. The drugs were injected into a cannula introduced into a femoral 
vein and connected to a burette. 

Recording methods. Electrical activity in the sympathetic fibres was recorded in the mid- 
cervical region. The right cervical sympathetic nerve was exposed by making a mid-line 
incision through the skin and separating the neck muscles. The nerve was dissected to free it 
from the carotid artery but was usually left attached to vagus. A black Perspex’ plate was 
placed underneath the nerve, and the dissection of fine strands from the nerve was done on 
the plate. A trough formed by tying the edges of the skin wound to a metal ring fixed above 
the neck was filled with paraffin, so that the sympathetic nerve was completely immersed 
in the paraffin. 

The fine strands were dissected from the sympathetic nerve with the techniques and 
precautions which have been described (Iggo, 1957). No special attempt was made to isolate 
single units. Electrical activity was recorded by placing the central ends of the fine strands 
which had been cut distally across a pair of Ag—AgCl wire electrodes. The potentials picked 
up by the electrodes were amplified with a condenser-coupled amplifier, displayed on a 
cathode-ray tube and also fed into an audio amplifier. The amplified action potentials, blood 
pressure signal, respiratory signal and acoustic signal were simultaneously recorded photo- 
graphically on the same piece of moving bromide paper. Most of the figures in this article 
are from such photographs. The electrocardiogram was recorded in the initial experiments 
through leads inserted under the skin of the right foreleg and the left hind leg. 

Blood pressure. The cats were given heparin after all the necessary dissection was finished. 
The left femoral artery was cannulated and connected to a mercury manometer so as to 
give a continuous visual check on the arterial pressure. A lumbar puncture needle was 
introduced into the right femoral artery, and the needle was connected to an electromano- 
meter, based on a design published by Green (1954), and used for photographic records of the 
pressure. This manometer had a frequency response of 35/sec with the long cannula used, and 
so reproduced faithfully the pressure changes in the artery. 

Respiration. Changes in the ‘intratracheal pressure were recorded by inserting a hollow 
needle, connected to a condenser manometer, into the rubber connexion of the tracheal 
cannula, The manometer was not sufficiently sensitive to record changes of pressure when 
the tracheal cannula was open and the cat was breathing naturally, but gave satisfactory 
records of respiratory efforts during asphyxia with the tracheal cannula closed, or when the 
cat was artificially ventilated by a pump. Visual observations were made of the relation 
between respiration and blood pressure when the cat was breathing naturally. 

Acoustic stimuli. Clicks were produced by using a large switch, which was opened and 
shut when required. A signal of the clicks was obtained by putting the switch in.a circuit 
which fed a current to the Y-plates of the cathode-ray tube. Thus when the switch was 
opened or closed a condenser discharge was recorde 1. : 

Reserpine treatment. Reserpine (Serpasil; Ciba Ltd.), 1 mg/kg, was tac intraperitone- 
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~ ally into cats on four consecutive days, and the experiment was carried out on the fifth day, 
There was always loss of weight, and occasionally one of the doses was reduced to half when 
- the cat appeared to be in a poor condition. All the cats drank a great deal of milk, but had 
to be roused to take their food. The degree of ataxia and sedation tended to be less on the 
last day of treatment. Miosis, relaxation of the nictitating membrane and blepharospasm 
were very evident. 


RESULTS 
Normal cats 


Effects of anaesthetic on the level of activity. Chloralose was used as an 
anaesthetic in order to avoid the depressing effect of barbiturates. As a 
result, however, the cats sometimes exhibited jerks in response to sensory 
stimuli. To prevent any change in the recording conditions which might 
have resulted from movement of the nerve strand on the recording 
electrodes, additional anaesthetic was given whenever jerks were present. 
The level of activity in the efferent fibres was, however, diminished as 
anaesthesia was deepened. This made the comparison of activity between 
animals less quantitative and also obscured the long-term changes in 
activity in any animal in which slowly developing drug actions were 
followed. 

Efferent activity in anaesthetized normal cats. The pattern of efferent 
activity depended to some extent on the number of fibres in a strand. In 
order to sample as many preganglionic fibres as possible the strands were 
not dissected down to single fibres. The dissection was carried to the point 
of allowing activity in individual fibres to be followed with some certainty. 
This was done because when long term changes were followed it was 
necessary to be satisfied that the recording conditions had not changed, 
and the only satisfactory way to do this was to be able to recognize the 
impulses in individual fibres. Examples of the general features of the 
discharge of preganglionic fibres are given in Figs. 1A and 8A. Impulses 
appeared in bursts, but there was rarely a silent interval longer than 1 sec 
unless the animal was deeply anaesthetized. The behaviour of individual 
fibres was easier to follow when there were only a few active fibres in the 
strand (see Fig. 2A). In the undisturbed cat, the individual cells dis- 
charged at low rates, often less than 1/sec, so that frequently one cell 
discharged only one impulse within each of the bursts seen in the multi- 
fibre records. If a cell fired several times during a burst of activity the 
frequency of discharge was rarely higher than 30/sec and there were 


seldom more than a few impulses at such frequencies. The waves of 


potential recorded from intact sympathetic nerves by previous workers 
were probably generated by summed impulses in many, but not all, of the 


fibres in the nerve, each firing once or at most a few times during one wave. 


Several rhythms of activity could be recognized. The most clear-cut was 
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a respiratory rhythm (Fig. 1A). Normal respiration does not show on these 
tracings; since. however, there was always a rise in blood pressure at the 
end of inspiration, the respiratory rhythm can be identified on the tracings 
by reference to these pressure rises. Thus Fig. 1.4 shows two such rises in 
blood pressure during two breaths. The electrical activity during these 
blood-pressure maxima was always at a minimum. A similar form of 
electrical discharge was observed by Dontas & Nickerson (1957) in splanch- 
nic nerves. In the cervical sympathetic, the units which became inactive 


- 


Fig. 1. Normal cat (no. 8). Electrical activity recorded in preganglionic fibres 
dissected from the cervical sympathetic nerve. Each record shows, from above 
down, respiration signal (inspiration upwards), arterial pressure (calibration in 
mm Hg on the left), impulses in the nerve strand, and signal marker for clicks 
(absent from D). A, normal activity, with two interposed clicks. The blood 
pressure rises at the end of each inspiration but, as described in Methods, the 
recorder for respiration was not sensitive enough to give a deflexion for normal 
breathing. Records B and C show the effect of asphyxia; the tracheal cannula was 
closed at the beginning of B and opened again at the end of C; two extra-systoles 
occur in the middle of C. D immediately after C. Time marker, seconds (top 
of A). 


during the respiratory rises in blood pressure could also be silenced by 
pressor doses of adrenaline. Further evidence that the rhythm was 
secondary to the vascular changes was obtained in records taken during the 
early phase of, and during recovery from, asphyxia. Thus, for example, in 
the left of Fig. 1B, the abolition of activity coincided with the rise in — 
blood pressure and not with the much more prolonged inspiratory effort. 
After the trachea was reopened the blood pressure remained elevated and 
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the efferent activity was suppressed, even though the respiratory activity 
was enhanced (Fig. 1D). 

Adrian et al. (1932) ascribed the respiratory rhythm they observed in the 
rabbit to a central interaction between the respiratory and vasomotor 
centres, whilst Bronk et al. (1936, 1940) argued that, in the artificially 
ventilated cat, it was partly due to an inhibitory effect of the pulmonary 
stretch receptors. In cats breathing naturally the present work showed a 
consistent relation between the peaks of the respiratory blood-pressure 
fluctuations and the inhibition of the efferent discharge. This relation was 
still evident when the trachea was closed (Fig. 1B). In these conditions, 
however, the pulmonary stretch receptors were not excited during inspira- 
tion, and therefore cannot have been responsible for the inhibition of 
efferent activity. There are obviously a number of mechanisms responsible 
_ for respiratory rhythms. 

One single unit was isolated in which the discharge of impulses appeared 
to be directly linked to respiratory activity (Fig. 2). There was a burst of 
impulses during every inspiration. The discharge of impulses in this unit 
was not abolished by pressor doses of adrenaline. During asphyxia 
(Fig. 2B, C) the discharge was closely linked to the respiratory efforts. 
This relation can be seen in the figure, in which the end of inspiration is 
marked by a downward movement of the base line. Thus the first breath 
after closing the trachea (during the expiratory pause) was longer than 
normal and the discharge of impulses was also carried on for longer 
(Fig. 2B). As the subsequent breaths became deeper, the efferent dis- 
charge was further enhanced, After air was allowed once more into the 
lungs, the efferent activity reverted to a lower frequency (Fig. 2D), and 
was not abolished, as happened in most other fibres, after a period of 
asphyxia (see p. 122). The discharge of this. exceptional unit thus cor- 
responds closely to the activity described by Adrian ef al. (1932) in the 
rabbit, and is quite different from the behaviour to be expected if the 
efferent discharge had been inhibited by pulmonary stretch receptors, as 
in the experiments of Bronk e¢ al. (1936). 

Cardiac rhythm. Although the electrical activity in the undisturbed cat 
appeared in bursts, there was never any conspicuous relation of these 
bursts to the heart rate. A definite cardiac rhythm, however, appeared 
when a high level of efferent discharge was associated with a rise in blood 
pressure. This combination was found during the later phases of asphyxia, 
as in Fig. 1C. This record also shows details of the relation between the 
bursts of impulses and the cardiac activity. Two arterial pressure waves 
are virtually absent in this record, presumably because of extra-systoles. 
There was a prolonged burst of impulses when the normal pulse was 
absent. Each burst started 150-200 msec after the preceding peak and 
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ended shortly after the peak of the next wave. By this fortunate chance it 
became possible to relate the start of the burst of impulses to the fall of 
the preceding pulse wave and its end to the pressure wave with which it 
coincided. Thus the conclusion reached by Adrian et al. (1932) and Bronk 
et al. (1936, 1940), that the cardiac rhythm had its origin in a stimulation 
of the baroreceptors which in turn inhibited the vasomotor centre, is 

shown to be valid for the individual pulse. One might, therefore, infer that 
there is a latent period of about 200 msec between stimulation of the baro- 
receptors and inhibition of the preganglionicsympathetic outflow. That these 
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Fig. 2. Normal cat (no. 5). Impulses in a single preganglionic sympathetic fibre: 
respiratory rhythm. On each record: time (sec), blood pressure (calibration in 
mmHg on the right), action potentials. A: impulses during two breaths; the 
peaks of activity coincide with inspiration (not indicated on the record). B and‘C: 

' activity during asphyxia. Here the respiratory cycle is recognizable by a short 
downward movement of the base line which occurred at the end of each inspiration. 
Trachea closed during the expiratory pause just before B; the activity is en- 
haneed during the next breath. 15 sec interval between B and C; trachea operied 
just before D; thie activity quickly returned to the pre-asphyxial pattern; there 
was no inhibition like that mown | in Fig. 1D. . 


bursts of impulses represent vasomotor is not is. sug- 
gested by the fact that they are abolished by a pressor dose of adrenaline. 
Bronk ef al, (1936), in their Fig. 7, also show an example of the 
presence of cardiac rhythm when the blood pressure was raised, and its 
disappearance when the pressure was allowed to fall. 
A cardiac grouping of the impulses does not necessarily occur when hind 
is an enhanced efferent outflow. For example, there was a massive efferent 


_ discharge which showed no cardiac .rhythm following an intravenous 


‘ 

/ 
4 
4) 
- 

. 
> 
| 


120 | A. IGGO AND MARTHE VOGT 


injection of a large dose of morphine. This was at a period when the blood 
pressure was still unchanged, so that one of the conditions in which cardiac 
rhythm was found, namely high blood pressure, was not satisfied. 
Sympathetic activity during Taube waves. The regular waves, known by 
various names, which appear in most blood pressure records, have been 
attributed by Guyton & Harris (1951) to ‘presso-receptor-autonomic 
oscillation’. There was one particularly clear example of these Traube 
waves in the present work. It occurred during a period of asphyxiation in 
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Fig. 3. Normal cat (no. 7). Traube waves in the blood pressure and efferent 

activity in the cervical sympathetic nerve. The filled circles represent the dia- 

stolic blood pressure and the open circles the total efferent activity per second 

in a multi-fibre strand. In A the cat was ventilated by a respiration pump, and the 

peak of inspiration is indicated by the short horizontal strokes at the bottom of 

the picture. B shows the activity after the respiration pump was turned off; the 
_ cat did not attempt to breathe and the Traube waves are very clear. 


a cat which had been artificially ventilated. After the pump had been 
turned off the cat did not attempt to breathe for 1 min, and during this 
time the Traube waves were present, uncomplicated by respiratory varia- 
tions in blood pressure. A rhythmical discharge of impulses was also 
present in the sympathetic fibres (Fig. 3B, lower record). It appeared at a 
gradually increasing frequency as the blood pressure was falling, and then 
gradually fell off again as the blood pressure rose once more. The period of 
the Traube rhythm was 6 sec and the efferent outflow lasted 3—4 sec. The 
blood pressure did not begin to rise until about 2-5 sec after the first 
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impulses appeared in the strand, and began to fall again about 1 sec after 


the last impulse in the group. The oscillations can be ascribed to delays in 
two components of the stabilizing mechanism, (a) the central delay along 


the path, pressoreceptor-central nervous system-preganglionic cell and 


(b) the sluggishness of the blood pressure in responding to changes in the 
efferent outflow. On the basis of the present results the delay along the 
central pathway is 200-300 msec and the delay in effector response about 
2-5 sec. On this interpretation the Traube waves arise largely because of 
effector delay. 

The Traube wave can be disrupted but not abolished by breathing 
(Dornhorst, Howard & Leathart, 1952). This is shown in Fig. 3.A, in which 
the cat was on artificial respiration (pump strokes marked in the figure). 
Here complex fluctuations of blood pressure are superimposed on the 
Traube waves, the electrical record showing equal complexity of rhythm. 
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Fig. 4. The effect of intravenous injections of adrenaline on the blood pressure 
and the efferent discharge in a normal cat (A, no. 11), and in a reserpine-treated cat 
(B; no. 6). On the left, the control periods; in the centre, the records 20 sec after 
an injection of 7 and 5 yg respectively of adrenaline; on the right, records taken 
4 min later. Blood pressure calibration (mm Hg) on the left. Time marker, 1 sec 


(top tracing). 


Effect of drug-induced blood pressure changes on efferent activity. As has 
been previously reported by Adrian et al. (1932), most of the activity in 
the cervical sympathetic nerve can be modified by drugs which alter the 
blood pressure. When the blood pressure of the chloralosed cat was raised 
by the intravenous injection of 5-10 ug adrenaline (Fig. 44), the efferent 
activity became less, and was absent in most of the fibres when the systolic 
pressure was above 200mm Hg. At these pressures there was obvious 
cardiac slowing, the rate falling by as much as one half. Conversely, the 
efferent activity could be enhanced by lowering the blood pressure with 
an intravenous injection of 6 ng histamine. 

The sensitivity of different fibres to rise in blood pressure varied. Some 
units were readily silenced, whereas others, e.g. the respiratory unit of 
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Fig. 2, were resistant. The different units in a strand dropped out at 
different times as the blood pressure rose, and the activity reappeared in 
the reverse order. 


Effect of asphyxia on the efferent discharge. Temporary closure of the | 


tracheal cannula was used as a convenient way to excite the sympathetic 
nervous system. The effect in normal cats was influenced by two factors, 
the depth of anaesthesia and the type of respiration. If the cat was lightly 
anaesthetized and breathing naturally, the effect was quick in onset. 
Deeper anaesthesia delayed the rise in efferent outflow. If the lungs were 
inflated by a respiration pump, there was usually some degree of over- 
ventilation, since the stroke was adjusted to prevent any respiratory efforts 
on the part of the animal. As a consequence the onset of the response was 
later still and initial vigour of changes in efferent activity less. 

. Asphyxiation of normal cats led after 5-10 sec to a progressive rise in 
arterial pressure and, as Adrian et al. (1932) have reported, to an enhance- 
ment of efferent outflow. There was a more persistent and higher frequency 
of discharge in the fibres already active, and new fibres started firing. At 
the end of a period varying between 10 and 45 sec the outflow was nearly 
continuous (Fig. 1C). The discharge, however, was not steady; the two 
patterns of activity described in preceding sections, the cardiac rhythm 


and the rhythm due to respiratory fluctuations of blood pressure, persisted — 


throughout the enhanced activity. After the air supply was restored by 
opening the trachea, the efferent activity quickly subsided, often within 
5 sec. During this period, the blood pressure remained at the same, or rose 
to an even higher, level than that reached at the end of the asphyxia. The 
sudden disappearance of the efferent activity can be accounted for by the 
fact that the inhibitory effect of the high blood pressure was no longer 
opposed by the central stimulatory effects of asphyxia. 

When normal cats were ventilated with a respiration pump, animals 
which previously had given a brisk response to asphyxia sometimes did not 
breathe for a whole minute after the pump had been turned off; the efferent 
discharge was then a'so unchanged. Presumably there had been some 
degree of over-ventilation, although the pump stroke had been so adjusted 
as to keep the blood pressure at the initial level. This observation illustrates 
a, difficulty in comparing the reactions of the normal and the reserpine- 
treated cat. All the treated cats had to be ventilated by pump during the 
experiments to prevent anoxia, so that the possibility of over-ventilation 
was always present to bedevil the comparison of the two types of pre- 
paration. 

The one unit which had a primary respiratory rhythm and which was 
relatively resistant to inhibition by adreaaline also continued its individual 
pattern during asphyxia (Fig. 2 and p. 118). When the trachea was re- 
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opened the activity reverted to its original pattern and was not suppressed 
by the continued high arterial pressure. 7 

The experiments were often terminated by clamping off the trachea. 
Such ‘terminal’ asphyxia caused a continuous discharge of impulses in 
the sympathetic fibres. The discharge became regular about 2-3 min after 
closure of the trachea, and at different times in different fibres. The steady 
discharge ranged from 2/sec in some fibres to 25/sec in others. The 
discharge lasted for up to 9 min and continued after the heart had stopped 
pumping blood. In all experiments fibres were found which had been 
silent in the undisturbed animal and which became active in the later 
stages of asphyxia. 


A B C 


Fig. 5. Normal cats, nos, 7(A), 8(B), 9(C). Response of the sympathetic system to 
clicks. Each record was selected from a silent part of the base line in order to make 

_ the effect clearer. In each instance the click has excited several fibres, and in 
B and CO there is repetitive firing of individual units. Time marker, | sec. 


Sympathetic response to acoustic stimuli. Though all cats were anaes- 
thetized sufficiently deeply not to respond to a sudden noise with a jerk, 
a click usually elicited a burst of impulses. Often new units were excited 
whilst some of the fibres already firing in the normal bursts appeared 
unaffected. The time course of the efferent discharge was always the same. 
Within 100-200 msec of the click there was a burst of impulses lasting 
100-300 msec. The individual fibres discharged 1-5 impulses, depending 
on the excitability of the animal and the intensity of the stimulus. When 
a fibre fired several times the frequency of discharge could be as high as 


- 100 impulses/sec. Examples are shown in Figs. 1 A, 8A and 5. The response 


is seen best when there is little other activity (Fig. 5); in Fig. 1A the 
response can be identified by the fact that a new unit which had previously 
been silent discharged at each of the clicks. Individual units did not 
respond consistently to repetition of the same stimulus. There appeared to 
be a relation between the level of activity of a neurone and the likelihood 
that it would be excited by a click, but the relation was difficult to put on 
@ quantitative basis. Thus a unit with a marked respiratory rhythm did 
not respond to a click during expiration but did respond during inspira- 
tion; later in the experiment, when the anaesthesia had become lighter, the 
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unit could be excited at. any stage of the respiratory cycle.. Another unit 
in the same strand, otherwise silent, fired in response to the click at all 
phases of the respiratory cycle. 

Frequeat repetition of the acoustic stimulus led os a failure of the 
response. After 3 or 4 clicks applied within 10 sec the response was absent, 
but a short rest of, say, 30sec was sufficient to restore the response. 
Electrical stimulation of the saphenous nerve produced a similar response, 
but was not often used owing to the danger of eliciting reflex move- 
ments. 


Effect of morphine on the sympathetic system. Morphine was tried as a | 


stimulant for the sympathetic system because it is known to excite the 
sympathetic centres of the cat (Elliott, 1912). Small doses given intra- 
venously had an uncertain effect on the efferent outflow; some enhance- 
ment was apparent but the origin of the effect was in doubt, since morphine 
is a respiratory depressant and the increased outflow might in part have 
been secondary to under-ventilation arising from this depression. This was 
controlled in the later experiments by the use of artificial respiration. When 
large doses of morphine (3-7 mg/kg) were given intravenously, there was an 
immediate slight rise in the blood pressure followed by a slowly developing 
deep fall. The efferent activity was much enhanced within 25 sec, at which 
time the blood pressure was normal. The activity remained at a high level 
while the blood pressure was falling and later gradually fell off; within 
half an hour it was coming in bursts which were associated with the con- 
vulsions appearing at that time. In one animal the discharge became very 
regular, about 10/sec, during the period of enhanced activity, thus giving 
a most unusual picture. There were various peripheral signs of sym- 
pathetic stimulation, such as a dilated pupil and a contracted nictitating 
membrane. 
_ Reserpine-treated cats 

E fferent activity in the undisturbed reserpine-treated cat. Sufficient 
reserpine was given to cause the disappearance of a large proportion of the 
catecholamines from the hypothalamus, mid-brain, medulla oblongata and 
the post-ganglionic sympathetic adrenergic neurones. Actual mean losses 
of noradrenaline, for two cats in which estimations were carried out after 
the same treatment, were 90-2 % from the hypothalamus and 94-7 °% from 
the superior cervical ganglia. 

Strands of the cervical sympathetic containing active efferent fibres 
were very readily obtained in these animals. This might indicate that the 
over-all discharge was greater than normal, but it is impossible to be 
perfectly certain about it. The activity in individual fibres was more 
continuous than in normal cats (Fig. 7A), even when the blood pressure 
was above 100 mm Hg; all the animals were ventilated by a respiratory 
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pump in order to remove any asphyxial drive to the sympathetic nervous 
system. Some units, in particular, discharged more regularly than had 
ever been observed in normal cats. Bursts of impulses were present but 
no respiratory or cardiac rhythm was apparent (Fig. 6). 

The blood pressure in the reserpine-treated animals was very steady and 
exhibited no respiratory rhythm, 2nd we think that for this reason the 
efferent discharge did not show the fluctuations to be seen in normal 


Fig. 6. Reserpine-treated cat (no. 6); effect of asphyxia on efferent sympathetic 
activity. The cat was artificially ventilated. Top tracing, respiration pump; second 
tracing, blood pressure (calibration in mm Hg); bottom tracing, efferent discharge. 
A, base line activity. B and C, activity during asphyxia, interval of 15 sec 
between B and C; the pump was turned off at the beginning of B and was turned 
on towards the end of C; during asphyxia increase in the efferent discharge but 
fall in blood pressure. D, 2 min after the end of asphyxia; blood pret? not 
quite back to normal and efferent activity still 


animals. A cardiac rhythm was seen on some sioiaslines: when the blood 
pressure was rising after an intravenous injection of adrenaline. There was 
no cardiac rhythm during asphyxia as there was no rise in blood pressure 
(see below). 

Acoustic stimuli were effective in eliciting bursts of impulses as Maghe 
normal animal. The discharge was sometimes more difficult to arouse and 
was often lost in the high background activity, but was otherwise similar 
to the response in normal animals; as in the normal eer not all 
fibres could be made to — 
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Asphyzxia. In reserpine-treated cats, as in the normal animal, closing of 
the trachea led to an increase in the sympathetic efferent outflow. There 
were, however, several important differences in the response. The efferent 
activity was slower in building up. This may have been due to the use of 


artificial ventilation in the reserpine-treated cats and not to a direct effect — 


of the drug. The ventilation was adjusted to give a stable arterial blood 
pressure, about 100 mm Hg, but nevertheless the cats might have been 
over-ventilated. 

A second difference from the normal cats was that the enhanced activity 
persisted after the respiration pump was started again (see Fig. 6). The 
main reason for this must have been the reversal of the normal blood 
pressure response to asphyxia. Soon after occlusion of the trachea the 
' blood pressure and heart rate of the reserpine-treated cat started to fall 
instead of to rise, and on release of the occlusion recovery of the blood 
pressure was very slow, so that sympathetic activity continued to be 
stimulated. The absence of the normal rise in pressure and of tachycardia 
was, of course, caused by the functional failure of the vasoconstrictor 
nerves, the nervi accelerantes and the adrenal medulla, all of which had 


lost their stores of catecholamines. That the blood pressure was not even 


maintained but fell was probably a result of cardiac failure from lack of 
oxygen in the absence of thé tonic action of the sympathetic system on the 
heart. 

A subsidiary reason for the slow return of sympathetic. outflow to the 

resting level might have been that the normal cat increased its respiratory 
volume by taking larger and faster breaths after a period of asphyxia, so 
that the normal blood gas levels were quickly restored. In the reserpine- 
treated animals, the rate and stroke of the pump were not altered so that 
a longer time would elapse before recovery was complete. 
_ The enhanced sympathetic outflow during the post-asphyxial period 
failed to elicit any peripheral circulatory response, as is seen by the slow- 
ness of the recovery and by the absence of any overswing of blood pressure 
or pulse rate at any phase of the recovery period (Figs. 6 and 7). 

Prolonged asphyxia led, as in normal cats, to a very steady discharge of 
impulses in individual fibres, at frequencies as high as 25/sec. Terminal 
asphyxia in the reserpine-treated cat revealed that, at rest, not all the 
sympathetic fibres had been active so that in this respect also the two 
preparations were similar. The absence of any peripheral effect of central 


sympathetic activity did not lead to extreme over-activity of the sym- 


pathetic centres. | 

Adrenaline. The pressor action of adrenaline appeared to be more pro- 
longed than in normal cats. During the pressor effect all the preganglionic 
sympathetic activity disappeared (Fig. 4B). Thus the central mechanisms 
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for stabilizing the blood pressure were still active, irrespective of the in- 
activation of some of the effector pathways. Furthermore, an injection of 
adrenaline, after having produced an initial rise in blood pressure and heart 
rate, led to a bradycardia as the pressure rose higher still. Thus, wherever 
the efferent pathways were intact, central control of blood pressure pro- 
ceeded in the normal way. 


85 
Pump off 
B 25 sec later 
Pump on 
C 1 sec later 


D 30 sec later 


Fig. 7. Reserpine-treated cat (no. 3); effect of asphyxia on efferent sympathetic 
activity. This preparation shows the regularity of the efferent discharge better 
than cat 6 (Fig. 6). Top tracing, efferent activity; bottom tracing, electrocardio- — 
gram. A, base-line activity during artificial respiration; the pump was then 
turned off for: 45 sec. B, after 25 sec of asphyxia; increase in the frequency of 
firing. C, immediately after the resumption of artificial respiration. D, 30 sec 
later; heart rate, blood pressure and discharge back to normal. Efferent activity 
not abolished at any phase of the recovery from asphyxia (contrast normal cat, 
Fig. 1). Time marker, 1 sec (top tracing); blood pressure (mm Hg) marked at sides. 


Morphine. Intravenous injections of morphine in doses of 4-7 mg/kg 
were given to two cats which had had reserpine previously. In each instance 
there was a slight increase in efferent activity shortly after giving the 
morphine, but the effects were less dramatic than in normal animals. 

Acute effects of reserpine. Bein (1955) has reported immediate effects of 
an intravenous injection of reserpine on the electrical activity of a cardiac 
nerve. He used a cat anaesthetized with chloralose and a dose of 0-1 mg/kg. 
The electrical activity in the nerve started to decrease 10 min after the 
injection and had disappeared in 50 min; at this time bradycardia was 
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apparent. We repeated Bein’s experiment in order to see whether a similar 
decline in activity would occur in the cervical sympathetic nerves. 

One difficulty in following changes in efferent activity for an extended 
period is that the recording conditions may change or that the preparation 
may deteriorate. When, however, as was done in the present work, the 
activity is recorded from small strands which permit the identification of 
impulses in individual fibres, this possibility is much reduced. 
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Fig. 8. Normal cat (no. 8); natural respiration. Changes in efferent sympathetic 
activity following the intravenous injection of reserpine (0-1 mg/kg). Each record 
shows the blood pressure (calibration in mm Hg on the right), impulses in the 
nerve strand, and the signal marker for clicks. The records have been aligned so 
that the rises of blood pressure at the end of each inspiration are in the centre of 
the picture. A, control period, followed immediately by the injection of reserpine 
(+ Res.). B, 20 min; C, 37#%™M; D, 45 min later. The blood pressure had fallen 
within 20 min and was lower still at 45 min despite some increase in efferent 
discharge (B, C and D). No change in heart rate. In all tracings, the efferent 
activity is lowest during the respiratory rise in blood pressure, but the effect is 
most pronounced 37 min after reserpine (C). Time marker, 1 sec (top tracing). 


I 


When reserpine (0-1—0-2 mg/kg) was injected intravenously, a fall in 
blood pressure developed in the course of about 15 min in those cats in 
which the initial pressure was high; this dependence of the effect on the 
initial level has been reported by many authors (see Bein, 1956). Brady- 
cardia was not observed. The effect on the electrical activity in the cervical 
sympathetic was small and not consistent. Twice a reduced activity was 


observed 20 min after the injection, but by 50 min the activity was greater — 


than before the drug. In two other cats the only effect was that repre- 
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sented in Fig. 8, an increased over-all activity with an occasional longer 
pause between the bursts. These pauses coincided with the rises in pressure 
which formed part of the normal respiratory fluctuations. It is not possible 
to exclude some degree of recovery from the anaesthesia as a factor con- 
tributing to the enhanced activity. 

One experiment was carried out in order to see whether a large intra- 
venous dose of reserpine (1 mg/kg) would produce any effect on the 
sympathetic activity of a cat previously treated with reserpine (1 mg/kg for 
4 days). No such effect was seen. ; 


DISCUSSION 


The results in the normal cats in most respects confirm the earlier 
descriptions of sympathetic activity given by Adrian et al. (1932) and 
Bronk eé al. (1936, 1940). New information about the response of the 
sympathetic nervous system to abrupt sensory stimulation is given, in 
particular the brief and quick discharge of impulses following an acoustic 
stimulus. The use of fine strands in which the behaviour of individual 
units could be followed also revealed that, although a cell may not fire 
continuously at frequencies higher than 25/sec even during the intense 
stimulation of terminal asphyxia, some fibres at least can respond at much 
higher frequencies, if only for a short time. 

The results on the cats which had been treated with high doses of 
reserpine were very clear-cut. Spontaneous preganglionic sympathetic 
activity was unabated, and perhaps enhanced, whilst the treatment had 
been thorough enough completely to abolish any peripheral sympathetic 
activity; the latter fact is best illustrated by the effects of asphyxia, 
which, after reserpine, were hypotension and bradycardia instead of hyper- 
tension and tachycardia. Though the experiments gave the impression that 
efferent preganglionic activity was greater than normal, the technique of 
recording from small strands of the nerve does not permit any definite 
statement to be made on the total outflow of sympathetic impulses; it was, 
however, clear that the discharge was more continuous than, and lacked the 
fluctuations of, the activity of the normal animal. The obvious explana- 
tion is that the lack of any peripheral effects of the central discharge caused 
a lack of inhibitory feedback which creates various rhythms in the normal 
resting cat. In both normal and reserpine-treated cats the sympathetic 
outflow was suppressed when the blood pressure rose, and most effectively 
by the injection of a pressor drug. That rises in blood pressure could not be 


_ produced in the reserpine-treated animal by the usual stimuli to which the — 


normal animal responds with increased vasomotor tone and output of 


adreno-medullary hormones is, of course, a result of the inactivation of the 
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post-ganglionic adrenergic neurones and the adrenal medulla, and not of 
a failure of the centres; neither is it related to impaired transmission in 
autonomic ganglia, since transmission has been shown to be normal after 
treatment with reserpine (Trendelenburg & Gravenstein, 1958). — 

Acoustic stimuli and asphyxia increased the preganglionic electrical 
activity in the normal and in the reserpinized cat. When, however, air was 
again admitted to the lungs, the normal cat exhibited electrical silence 
whereas the reserpine-treated animal showed prolonged enhanced activity. 
The reason for this change is that, after reserpine treatment, the normal 
post-asphyxial rise in blood pressure is replaced by a prolonged period of 
hypotension which acts as a stimulus to the sympathetic centres. The 
observation that terminal asphyxia causes greatly enhanced discharge 
also in the reserpine-treated cat shows that, even in the complete absence 
of peripheral effects, the sympathetic centres do not discharge maximally 
under resting conditions. 

The intravenous injection of morphine appeared to cause a smaller and 
more evanescent increase of sympathetic activity in the reserpine-treated 
cats. This may be an example of the central antagonism of reserpine and 
morphine found on injection of these drugs into the conscious cat (Gaddum 
& Vogt, 1956), but since dosage and experimental conditions were very 
different in the present work there might be other interpretations. 

The experiments throw no light on the possible role of catecholamines 
and 5-hydroxytryptamine in central sympathetic activity. To conclude 
from the results that sympathetic activity of the brain is independent of 
these amines is not permissible, since these substances continue to be 
synthesized and never completely disappear from the tissue of the reser- 
pine-treated animal. It is safe, however, to assert that the stores of these 
amines are not essential for normal sympathetic discharge and for normal 
responses of the autonomic centres to external or internal stimuli. In this 
respect the central sympathetic neurones behave quite differently from the 
post-synaptic adrenergic neurones, which cease to transmit impulses when 
their noradrenaline stores have been depleted by reserpine. This difference 
might be due to the fact that the function of noradrenaline in the brain is 
not one of transmitter in sympathetic pathways; but it could also be that 
central adrenergic neurones, if such neurones exist in these pathways, 


differ so much in their turnover of noradrenaline from the long peripheral — 


nerves that they remain functioning at a low content of transmitter. 

In view of the results obtained in this work it seems surprising that, as 
Bein (1955) observed, a single injection of a small dose of reserpine should 
arrest all efferent activity in the cardiac nerves. In the cervical sympa- 
thetic we saw no disappearance, and only occasionally some temporary 

diminution, of preganglionic discharge following an injection of reserpine. 
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In the splanchnic nerves of the cat, Dontas (1957) found no diminution of 
preganglionic activity unless the dose was above 1 mgjkg. As the technical 
details of Bein’s study have not been reported, it is impossible to decide 
whether the cardiac nerves respond differently from the cervical sympa- 
thetic or splanchnic nerves, or whether the experimental conditions were 
not comparable. | 

The fall in blood pressure which occurs soon after a single small intra- 
venous dose of reserpine in animals with a high resting blood pressure has 
never been satisfactorily explained. It is tempting to suggest that this 
effect might be caused by the local action of catecholamines released from 
the region of the carotid sinus and carotid body on receptors in the carotid 
sinus. Palme (1944) has shown that local application of adrenaline to the 
tissue around the carotid sinus causes a precipitous fall in blood pressure, 
which is particularly pronounced in the rabbit but is also seen in the cat. 
He explains the effect as a stimulation of the carotid nerve by adrenaline, 
and Landgren, Neil & Zotterman (1952) have indeed demonstrated an 
increase in the discharge from the carotid nerve when adrenaline or other 
pressor agents were applied to the exposed carotid sinus of the cat. The 
effect was quite prolonged, and during that period carotid occlusion pro- 
duced little or no rise in blood pressure. Impairment of the carotid sinus 


reflex also occurs after reserpine (Bein, 1953), and it may be that both this 


phenomenon and the fall in blood pressure have their origin in the action 
of locally released catecholamines on the carotid sinus. 


SUMMARY 


1. The action potentials in small strands of the preganglionic cervical 
sympathetic nerves were recorded in normal and in reserpine-treated cats 
anaesthetized with chloralose. | 

2. The activity in the undisturbed normal cat consisted of bursts of 


impulses, individual fibres contributing one or a few impulses to each burst. 


The frequency of discharge was often below 1/sec, but occasionally as high 
as 30/sec. 

3. The activity was subject to fluctuations: (1) a rhythm related to the 
respiratory blood-pressure waves, the discharge being least at each pressure 
maximum; this activity disappeared when the blood pressure was raised 
with adrenaline; (2) a rare primary respiratory rhythm, rather insensitive 
to rise in blood pressure ; (3) a cardiac rhythm, in which waxing and waning 
of activity occurred with each arterial pulse. 

4, Asphyxia increased the discharge. Readmission of air into the lungs 
caused an abrupt standstill of activity, which was resumed as the asphyxial 
rise in blood pressure subsided. 
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5. Short acoustic stimuli elicited bursts of impulses with a latency of 
about 200 msec, the frequency of firing in individual fibres reaching 
100/sec. 

6. The injection of large doses of morphine was followed by a period of 
increased efferent activity. 

7. After several days of treatment with reserpine (1 mg/kg), the sym- 
pathetic activity differed from normal only in the following points: 
(1) The discharge was more continuous, perhaps more frequent, and lacked 
a respiratory rhythm as also did the blood pressure. (2) Restoration of the 
air supply after asphyxia did not arrest the activity; discharge, greatly 
enhanced over the resting level, continued for as long as the fall in blood 
pressure which accompanied and followed asphyxia in these animals. 
(3) Intravenous injections of — stimulated the activity less than 
in the normal cat. 

8. Injection of small doses of reserpine (0-1 mg/g) into normal cats in the 
course of an experiment did not greatly change, and never abolished, 
sympathetic discharge, irrespective of whether a fall in blood pressure had 
followed the injection. 

9. The conclusion arrived at was that preganglionic sympathetic dis- 
charge, both spontaneous and in response to stimuli, was not funda- 
mentally altered by doses of reserpine which abolished all peripheral 
sympathetic activity and caused severe depletion of the stores of nor- 
adrenaline and 5-hydroxytryptamine in the brain. 


We are grateful to Ciba Laboratories Ltd., Horsham, for a generous supply of Serpasil. 
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THE FINE STRUCTURE OF THE NEUROMUSCULAR 
JUNCTION OF THE FROG 


By R. BIRKS, H. E. HUXLEY ann B. KATZ 
From the Department of Biophysics, University College London 


(Received 20 July 1959) 


In recent years fairly detailed information has been obtained on the physio- 
logical events which occur at the vertebrate neuromuscular junction. Experi- 
ments on frog and mammalian muscle have shown that the transmitter, 
acetylcholine, is released from the axon terminals in discrete multi-molecular 
packets, and attention has been directed to the presence of submicroscopic 
‘vesicles’ inside the nerve endings and their possible significance in the 
quantal distribution of the transmitter agent (de Robertis & Bennett, 1954, 
1955; del Castillo & Katz, 1956; Robertson, 19565; Palay, 1956; de Robertis, 
1958; Reger, 1958; Katz, 1958). The purpose of the present work was to 
examine in more detail the submicroscopic structure of the myoneural 
junction in the frog from which the greater part of the physiological evidence 
had been derived. The basic information on the structure of this synapse is 


already available, as a result of the remarkable microscopic and histochemical. 


studies of Couteaux (1947, 1955, 1958). 


METHODS 


For most purposes junctional regions of muscle fibres situated at the edge of the frog’s sartorius 
were selected. The muscles were carefully dissected, mounted spirally on Perspex rods and 
examined in transmitted light with a dissecting microscope, in the way normally used for physio- 
logical experimentation (see del Castillo & Katz, 1957a). The innervation of the edge fibres of the 
muscle can be recognized without much difficulty even in the fresh state and shows up more 
clearly after fixation in osmic acid, enabling one to cut out a small junctional region, about 
_ 0-5 mm square, for further examination. The use of fibres on the edge of the muscle has the further 


advantage of providing suitably thin specimens for fixation and embedding. If potassium per- 


manganate is used as a fixative, previous marking of the required area is necessary, e.g. by 
attaching a small ligature to the connective tissue at the edge. An alternative method is to dissect 
a fine bundle of fresh muscle fibres (from the adductor longus) whose innervation zone can be 
easily recognized. However, selection of junctional portions from the edge of the sartorius was so 
simple and successful that it was adopted throughout. 


The usual procedure was to cool the muscle and then to fix it in ice-cold OsO, solution, 1% (w/v), 


buffered with acetate-veronal (Palade, 1952), for 30 min. After transferring it to 70% ethyl 
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alcohol, the junctional regions were cut out, dehydrated and stained during the night with 1% 
phospho-tungstic acid (PTA) in alcohol. Some muscles were fixed in 0-6% buffered KMn0, 
solution (Luft, 1956) for 6 hr at 0° C, others in Os0, without additional PTA stain. The speci- 
mens were embedded, after preliminary soaking for at least 24 hr, in ‘ Araldite’ mixture (Glauert & 
Glauert, 1958), in gelatine capsules or polythene moulds shaped so that they could be conveniently 
mounted for longitudinal or transverse sectioning. 

The majority of specimens were examined in longitudinal section, which was found to give the 
more useful information. The disadvantage of this procedure was that, because of the charac- 


_ teristic longitudinal spread of the amphibian nerve endings along the surface of the-muscle fibre 


(Kiihne, 1887), more time had to be spent in finding sections which contained them. For final 
examination in the electron microscope (Siemens, Elmiskop I, used at 60 or 80 kV), the microtome 
was set to provide sections approximately 400-800 A thick. 


RESULTS 
To appreciate the details seen in electron micrographs of the myoneural 


junction, it is necessary first to give a brief summary of its general lay-out as 


revealed by optical microscopy. The following description applies to the in- 
nervation of ‘fast’ skeletal muscle fibres in the frog. The myelinated motor 
axon approaches the muscle fibre and gives off an array of non-myelinated 
terminal branches which spread along the fibre surface in both directions in 
the shape of an elongated ‘tree’ or ‘antler’ (Kiihne, 1887). Its total length 
may amount to a few hundred micra. The terminal branches run parallel to 
the axis of the muscle fibre and lie in shallow ‘gutters’, i.e. depressions formed 
by the fibre surface. In Text-fig. 1 a diagram of a small part of such a nerve- 
muscle junction is shown. An additional feature is seen in this diagram, that 
the superficial gutters of the muscle fibre are depressed at regular intervals 
into deeper local ‘trenches’, the so-called junctional folds (Robertson, 19565) 
which run at a right angle to the fibre axis and communicate with the external 
space at both sides of the nerve terminal. 

It muy be recalled that this system of trenches shows up strikingly with specific cholin- 
esterase-staining methods (Couteaux, 1955), and because of its solid appearance was at one time 
regarded as a palisade-like structure consisting of a series of lamellae, rather than of folds con- 
taining, and communicating with, the aqueous extracellular phase. There is, of course, no conflict 
between this latter view which is based on electron-microscopic examination (Palade, 1954; 
Robertson, 19566) and the histochemical result, for the structure of the folds cannot be resolved 
with the light microscope. 

In Text-fig. 1 three principal planes of section are illustrated which deter- 
mine the aspect of the myoneural junction seen in the electron micrograph; 
a transverse section and two longitudinal sections through the muscle fibre, 
one of which is called tangential because it grazes the muscle at the level of its 
junctional folds while the others pass more deeply through the fibre. 

Plates 1, 2 and 5 show typical electron micrographs from a myoneural 
junction of the frog sartorius in longitudinal section through the muscle fibre. 
If one compares them with the diagram (Text-fig. 1), the most interesting 
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difference, apart from the wealth of structural detail, is the presence of a third 
cellular layer which separates the nerve ending from the extraneous connective 
tissue. This layer is made up of nucleated cells which form the terminal 
Schwann-cell cover of the axon. Plate 2.4 shows a longitudinal section which 
passes through the nuclear region of this ‘satellite cell’. The triple-complex, 
Schwann cell, nerve ending, muscle fibre, is seen equally in permanganate- 
fixed preparations (Pl. 4.4) and in the transverse sections in Pls. 2B, 3 
and 4B. 
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Text-fig. 1. Diagram of neuromuscular junction. (a) Showing small portion of a terminal axon 
_ branch (JN) lying in a ‘gutter’ formed by the surface of the muscle fibre (/), and the array 
of semi-circular, post-junctional, folds. The frontal view shows cross-sectional aspect of the 
junction. The dotted line indicates the recessed border of the muscle fibre in the junctional 
wie. (b) Viewing the junction in longitudinal section; (c) in ‘tangential’ section. 


Much of the structural detail shown in the present pictures has been 
described before (Robertson, 19566; Palay, 1958; Andersson-Cedergren, 1959) 
in connexion with other neuronal or myoneural junctions, and there is no 
need here to point out more than a few special features. 


Terminal Schwann-cell layer 


In the majority of the micrographs the Schwann-cell coating, which sepa- 
rates the axon terminal from collagen and finer connective tissue fibrils, was 
seen quite clearly. In some sections the Schwann cytoplasm formed a very 
_ thin layer and its border lines were at times obscured, presumably as a result 
of oblique sectioning. But in only one out of several hundred micrographs did 
we find a nerve ending which was ‘naked’ and clearly lacked a Schwann cover 
over an appreciable length. 

A point of interest is the extent to which the satellite cell intrudes into the 
synaptic space between nerve and muscle. In cross-section (Pls. 2-4) the 
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Schwann cell is seen to engulf the nerve ending, but it never surrounds it com- 
pletely, and its contact with the muscle fibre is restricted to a short stretch at 
either side of the axon. In longitudinal section (Pls. 1, 2, 5; Text-fig. 2), one 
often finds cellular segments of various shapes interposed between nerve and 
muscle. These are probably parts of the same Schwann cytoplasm whose 
‘fingers’ protrude in an irregular way into the synaptic region. It is clear, at 
any rate, that a longitudinal section through the structures shown transversely 
in Text-fig. 3 may pass through the Schwann cell twice, and show its edge 
interposed between nerve and muscle surfaces. 


/ 


° 


Text-fig. 3 

Text-fig. 2. A tracing of some characteristic components of the myoneural junction, from Pl. 1. 
Mit.: mitochondria of axon terminal; S.F.: a ‘Schwann finger’ (cf. Text-fig. 3, line a). 

Text-fig. 3. Schematic cross-sectional view showing Schwann cell (S), nerve ending (N), muscle 
fibre (M) with junctional folds (f). a and b indicate planes of longitudinal section in which the 
Schwann cell may be seen in contact with the muscle fibre (and, in a, interposed between 
nerve and muscle). 


It will also be evident that there is a chance of missing the nerve ending and 
obtaining a longitudinal aspect in which only a layer of Schwann cytoplasm is 
seen in contact with the synaptic (i.e. folded) region of the muscle membrane. 
However, such occurrences would be rare, and we have, in fact, never found 
a section in which the nerve ending did not show up at some place of the 
junctional region. 

In spite of this complication, the use of longitudinal rather than cross-sections has one definite 
advantage, namely that it enables one to identify the synaptic region in normal as well as de- 
nervated muscle by the very regular disposition of the junctional folds which survive nerve 
degeneration (Birks, Katz & Miledi, 1960). Because of their regular and approximately transverse 
alignment, junctional folds are much less conspicuous in cross-sections of frog muscle. In this 


respect the situation in the frog differs from the arrangement in reptiles and mammals, as has been 
fully explained by Couteaux (1958). 
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The structural detail of the Schwann cytoplasm varies greatly from one 
area to the next. In some sections no inclusions can be seen apart from a few 
fine granules and filaments. In other regions there is an accumulation of 
‘vesicles’ of various sizes and of mitochondria. Occasionally complicated deep 
foldings of the cell membrane are observed. The nucleus is surrounded by a 
‘perinuclear bag’, a few hundred Angstrém units wide, with a thin membrane 
separating it from the cytoplasm. 


Membrane relations 

Thesurface membrane of the Schwann cell shows the characteristics described 
by Robertson (1959). It is separated from the axon membrane by a space of 
about 150A width (this measurement applies to preparations fixed with 
OsO,; in those fixed with KMn0O, (Pl. 4.4) the space appears to have shrunk 
considerably). On the other side of the Schwann cell, facing the connective 
tissue space, there is the familiar external dense layer separated from the 
Schwann cell membrane by a space ca. 200-300 A across. This layer can be 
followed around the surface of the Schwann cell up to the place where it 
contacts the muscle fibre (Pls. 3, 4B, 5B). At this point, the external layer fuses 
with a similar dense layer which envelops the muscle membrane. It is note- 
worthy that this layer can be traced continuously along the whole of the 
muscle fibre membrane right into the depths of its synaptic folds, while it does 
not penetrate at any point into the spaces between Schwann cell and axon. 

The functional significance of this external layer is obscure. It is clearly not 
an integral part of any individual cell membrane (see also Robertson, 1959), 
and its intermediate position in the synaptic space between nerve and muscle 
makes it difficult to suppose that it can act as a diffusion barrier with the 
properties envisaged for the cell membrane itself. There is some additional 
evidence which distinguishes this dense layer from the membranes enclosing the 
individual cells and some of their internal particles. The electron-microscopic 
density and ‘staining properties’ of this layer were found, under different 
_ treatments, to be closely related to those of the muscle proteins and not those 
of the cell membrane: for example, in KMnO,-fixed preparations (Pl. 44), 
neither the myofibrils nor the external layer show up, while the membranes 
of the three cells, and of the intracellular vesicles, nuclei and mitochondria 
are observed in good contrast. In other KMnO,-treated specimens the external 
layer was just visible, though at much less contrast than in O0s0,+ PTA 
preparations; in the same specimens the myofibrils showed up rather more 
densely than in Pl. 44. Although these observations throw little light on the 
chemical properties of the external layer, they do at least support the idea that 
its composition differs from that of the cell membranes, and are not in conflict 
with what must be postulated on physiological grounds. 


oe 
3 
~ 
no 
‘ 
4 f 
0 
as 
; as 
8a 
(e. 
of 
ne 
ti 
? 
J J 
j 
| 


END-PLATE STRUCTURE 139 


Axon terminals 


The nerve endings are characterized by well-known cytoplasmic inclusions, 
notably an accumulation of “synaptic vesicles’ which have been described by 
many authors (de Robertis & Bennett, 1954, 1955; pene 1954; Palay, 1064; 
Robertson, 19565). 

There has been some question (Robertson, 1959) concerning the dimensions 
of these ‘vesicles’ and whether they do not really represent a cross-sectional 
aspect of a system of tubes. Such tubes, however, would have to be highly 
oriented to give the observed regularity of oval outlines, and their tubular 
aspect should be revealed by changing the plane of sectioning. In fact, the 
same population of vesicles is seen independent of the plane of sectioning 
(e.g. Pl. 2, A-C). Furthermore, in thick sections vesicles were seen whose 
contours overlapped, an observation which cannot be explained on the basis 
of a tubular structure. Moreover, whenever it was possible to examine serial or 
near-by sections of one specimen, with a sufficiently sparse vesicular distribu- 
tion, it was found that the individual vesicles had dropped out in successive 
slices, while cylindrical structures of similar diameter (e.g. cross-sectioned 
groups of collagen fibrils) could be traced without difficulty. Nevertheless, on 
a. few occasions numerous short ‘tubes’ or a meshwork of branching tubes 


_ were seen quite apart from mitochondria and vesicles. The diameter of these 


tubes was somewhat smaller than that of the vesicles (the latter being of the 
order of 500 A). 

Vesicles were counted in a series of sections from two specimens and their 
average ‘volume density’ was estimated on the assumption that each section © 
covered effectively 800 A in depth. The result was approximately 1000 vesicles/ 
p® of axon terminal. If the whole of one terminal arborization occupies 
1000 73 (this being the volume of a cylinder of 1p radius and 1 mm length), 
the total number of vesicles present at such a junction would be approximately 
3x 10°, 

Another typical feature of the axon terminal is its mitochondria. They 
possess the characteristic twin-membrane of ca. 150 A separation but their 
internal structure differs in appearance from the muscle mitochondria oe 2A) 
which show a much more regular parallel system of cristae. 

Within the terminal axoplasm the different particles are distributed, in 
general, not at random but in a consistent orderly pattern. Frequently one 
can divide the nerve terminal longitudinally into two main portions, a ‘mito- 
chondrial region’ adjacent to the Schwann cover, and a ‘vesicular region’ near 
the muscle surface. Even within the latter region one often sees the vesicles 
concentrated in certain well defined areas (Pls. 1, 2.4 and 5) focused on a dense 


- zone of the axon membrane directly opposite a post-synaptic fold. This 


interesting feature recurs much too frequently to be dismissed as fortuitous, 
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and it reminds one of somewhat similar observations on other types of 
synapses (Palay, 1958; Edwards, Ruska & de Harven, 1958). 

‘The differentiation of the terminal axoplasm is at times made more obvious 
by the presence of bundles of very fine longitudinal filaments (less than 100 A 
thick, with dense spots recurring a few hundred A apart), which appear to 
separate the vesicular region from the rest of the axon terminal, for instance 
in Pl. 2A. 3 

Finally some unusual observations should be mentioned which are illustrated 
in Pl. 6. The nerve terminal shows here an even greater variety of structural 
detail than is generally found. Some of the ‘vesicular islets’ (in the upper part 
of Pl. 6B) are probably axon processes which protrude into the Schwann cell. 
But there are also various concentrations of vesicles within the axon itself, 
each bounded by a twin membrane; and the smallest of these enclosures are 
difficult to distinguish from terminal ‘mitochondria’ whose internal structure 
has often a tubular or vesicular appearance. Without serial reconstruction it is, 
of course, not possible to decide whether the various vesicular aggregates are 
completely enclosed in separate compartments, or formed by complicated 
invaginations of the axon terminal (whose membrane shows indeed some deep 
folds, e.g. Pl. 6.4). 


The post-synaptic folds 
These have been first described by Palade(1954) and Robertson (1954, 1956 by, 
and it is only necessary to point out some peculiarities of the amphibian 
junction. The longitudinal spacing of the folds is rather regular: approximately 
3-4 per sarcomere. The width of the folds varies between about 500 and well 
over 1000 A, the central core of their lumen being occupied by the dense 
external layer discussed on p. 138. The deeper parts of the folds bend and run 


obliquely with respect to the fibre axis; they often branch and anastomose with 
adjacent folds. 


In cross-section the chances of including a substantial portion of any single’ 


fold are not high, and one usually sees only fragments somewhere below the 
level of the myoneural contact. Occasionally, the section passes through the 
fold tangentially (e.g. Pl. 4.B) and then shows a dense post-synaptic patch, and 
facing it a concentration of vesicles in the nerve terminal lined up against a 
dense portion of the axon perimeter (cf. p. 139). 

The post-synaptic membrane itself is distinguished by an exceptionally 
high density of its superficia! contours. These are always more heavily ‘stained’ 
than the ordinary membrane of the rest of the muscle fibre or of the axon or 
Schwann cell. It is noteworthy that this special contrast shows up very clearly 
in specimens treated with OsO, or with OsQ, plus PTA, but not in those 
treated with KMnQ,. On the lines of the argument presented on p. 138 this 

might be taken to indicate the presence of a special protein layer attached to 


- 
ag 
la 
a 
. 
pa 
> 
pt 
ex 
ev 
O! 
a 
« 
| 


END-PLATE STRUCTURE 141 


large parts of the post-synaptic membrane. There is a further interesting 
differentiation within this area, seen in all OsO,+PTA preparations (e.g. 
Pl. 1), namely that the region of high density does not extend into the deeper 
parts of the folds; but this could conceivably arise from inadequate penetration 
of the stain. 

DISCUSSION 


The fine structure of synapses is of interest in so far as it may be related to 
physiological events. Unfortunately such relations are difficult to establish 
experimentally, and their discussion is at present based on little or no direct 
evidence. Some promising observations have been made by de Robertis 
(1958), which show that it is possible, at least in certain types of neuronal 
junctions, to produce significant structural changes by periods of stimulation 
or imposed inactivity. We have not been successful in obtaining conclusive — 
evidence from muscles which had been subjected to even quite drastic 
synaptic ‘stimulation’ (e.g. exposure to high potassium concentrations and 
hypertonic media). 

A reduction in number of the terminal vesicles was seen on some such occasions, but was not 
convincing because of the wide range observed ‘normally’. A more striking change was a swelling 
and internal break-up of mitochondria in the nerve endings, which, however, could be interpreted 
as an unspecific sign of cell damage. Much more significant alterations are found during the early 
stages of neuromuscular degeneration, which will be described in a subsequent paper. 

There are certain features of synaptic structure which have figured promi- 
nently in recent physiologica) discussions (see Eccles, 1957; Katz, 1958). 
Among these are the absence of cytoplasmic continuity, i.e. the completeness 
of the membrane separation at the synapse; the size of the extracellular 
space between the contacting cells; and the function of the pre-synaptic 
vesicles. 

These features have been discussed, and plausible role can be allotted to 
them, in the light of what is known about chemical transmission at certain 
synapses. Thus, the presence of separating membranes and an extracellular 
space between them is more readily compatible with chemical transmission 
than with direct ‘core-conduction’ (provided we are right in assuming that the 
electrical properties of these structures are comparable to those of membranes 


_ and interspaces elsewhere). The space of several hundred A, between nerve and 


muscle membrane, and between the walls of the junctional folds, communicates 
with the extracellular fluid (without interposition of a cell membrane). This 
would constitute an undesirable leakage path for electric transmission from 
nerve to muscle, while it provides a highly desirable low-resistance path for the 
spread of depolarization from the post-synaptic focus to the rest of the muscle . 
membrane (see Eccles & Jaeger, 1958; Couteaux & Katz, 1957). The whole of 
this space, including the dense external layer, was at one time classified as a 
“membrane complex’ (Robertson, 1956a, b; modified recently, 1959); but it 
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should be realized that these are the very spaces to which drugs like ACh and 
curare must have rapid access when applied from the external medium (del 
Castillo & Katz, 1957a, 6). | 

As regards the role of the vesicles, very little can be added to what has been 
said before. There is good evidence that transmission at the nerve—muscle 
junction involves the release of ACh from the axon terminal, not as inde- 
pendently diffusing molecules, but in discrete multi-molecular packets (Fatt & 
Katz, 1952; del Castillo & Katz, 1956; Katz, 1958). The size of these quantal 
units appears to be quite independent of the state of the axon membrane, and 
to be determined by some other component of the nerve terminal. It has, 
therefore, been suggested that ACh may be contained in the vesicles and 
released in an all-or-none manner when the vesicle collides with certain spots 
of the terminal membrane. Such an event may involve coalescence of the 
membranes, of vesicle and axon, and diffusion of the vesicular contents into 
the synaptic space. It is interesting that the vesicles are frequently concen- 
trated near the region of contact with the muscle fibre, and that they appear 
to ‘converge’ on special zones of the axon membrane directly opposite the 
junctional folds. It would seem an admirable arrangement to have the vesicles 
queuing for such strategically disposed regions of transmitter release, but it 
would imply that the intracellular distribution of vesicles is brought about by 
obscure forces of interaction and not just Brownian movement. 


If we were not prejudiced by any physiological evidence, we might be tempted to interpret the 
structural picture in a very different way; for a simpler assumption would be that the vesicles 
distribute themselves by random motion from their sites of origin. On purely morphological 
grounds it might therefore be more natural to suppose.that the particles are formed by vesicu- 
lation at the dense zone of the axon surface, and then spréad within the axoplasm by random 
motion, until they collide, and possibly fuse, with obstacles, e.g. mitochondria, the axon boundary, 
or a meshwork of filaments. The purpose of this alternative proposition is merely to emphasize 
that the morphological picture in itself provides no evidence in support of our ideas, though it 
may quite easily be fitted to them. 


Finally, the question may be raised of what the chances are of observing | 


vesicles in the process of ‘discharge’. The answer is not at all encouraging: on 
arrival of an impulse, i.e. at the highest peak of activity, a few hundred units 
_ of transmitter are released at one cell junction. The total length of the arbori- 
zation within one junction is of the order of one mm, so that a single unit- 
release would occur, on the average, at points 3u apart. Thus, even if it were 
possible to fix the specimen at the peak of synaptic activity, the chances of 
finding a “discharging vesicle’ are very small, and it would be a hopeless task 
to identify it. On rare occasions one does observe {2-shaped structures (‘opened 
flasks’) on the synaptic surface of the axon; they might represent broken 
vesicles but could equally well be connected with the formation of new vesicles, 
or vacuoles at the fibre surface. Phenomena of this kind are seen much more 
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frequently at the surface of Schwann and endothelial cells. In effect, the 
statistical properties of the process of transmitter release are such as to make 
the chances of its detection in the electron-microscope extremely low. 


SUMMARY 


1, The fine structure of the myoneural junction in fast skeletal muscles of 
the frog has been examined in the electron microscope. 

2. Three cell layers are found at the junction: (i) a nucleated Schwann cell 
which covers the ‘non-synaptic’ surface of the nerve terminal and separates it 
from extraneous connective tissue; (ii) the axon terminal with its accumu- 
lation of ‘mitochondria’ and ‘500 A vesicles’; (iii) the muscle fibre with its 
regular transverse array of synaptic folds. 

3. The ‘synaptic space’ between nerve and muscle membranes contains a 
dense intermediate layer which follows closely the contours of the muscle 
surface. Using different methods of fixation and staining (0sO,, KMnQ,), the 
relative density of this layer is found to vary in a manner quite unlike that of 
cellular or intracellular membrs...es. 

4. Within the nerve terminal, mitochondria and vesicles are often concen- 
trated in separate regions. Vesicles tend to accumulate in the neighbourhood 
of discrete zones of the axon surface directly adjacent to post-synaptic folds. 


40 12, Couteeux for valuable discussion and to Mr J. L, Parkinson foe 
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Foundation. 
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EXPLANATION OF PLATES 
With the exception of Pl, 4A, all micrographs were obtained from specimens fixed in Os0, and 


additionally stained with PTA in alcohol. Ail scale marks represent 1p. Plates 1-5 show j june- 
tions from frog’s sartorius, Pl. 6 from m. adductor longus. 


Pl. 1. Longitudinal section through neuromuscular junction. Some details have been traced in 


Text-fig. 2. 


Pl. 2A. Longitudinal section passing through nuclear region of Schwann cell (Schw.: Schwann — 


cytoplasm; Schw.n.: Schwann nucleus). B. Transverse section. C. ‘Tangential’ section 
(cf. Text-fig. 1c): starting at the top the plane of sectioning passed progressively more deeply 
into the muscle fibre, so that the axon terminal is seen only in the upper part of the figure, 
while in the lower part the deeper regions of the junctional folds are still visible. 


Pl. 3. Transverse sections. In A, the Schwann nucleus is seen in the top right part; a ‘finger’ of 
Schwann cytoplasm protrudes, from the right, into the synaptic region. Magnifications of | 


A and B are identical. 

Pl.4A. KMnO,-treated muscle. Longitudinal section, showing Schwann layer, vesiculated nerve 
ending and post-junctional folds. B. 0s0,+PTA. Transverse section passing “Vengentially” 
through a junctional fold (dark area under the nerve ending). 

Pl. 5. Longitudinal sections. Special points: accumulation of presynaptic vesicles opposite to 
junctional folds in A and B; in B, Schwann cell with nucleus (S.n.) and a ‘finger’ (s.f.) pro- 
truding from the right; c.t. connective tissue space. 

Pl. 6. Longitudinal sections, M. add. longus. Note: variety of membrane-bound compartments 
and vesicular aggregates in the axon terminal. 
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PHYSIOLOGICAL AND STRUCTURAL CHANGES AT 
THE AMPHIBIAN MYONEURAL JUNCTION, IN 
THE COURSE OF NERVE DEGENERATION 


By R. BIRKS, B. KATZ anp R. MILEDI | 
From the Department of Biophysics, University College London — 


(Received 20 July 1959) 


The present work was started in the hope of obtaining further clues as to the 
function of the ‘vesicles’ accumulated inside motor nerve endings (de Robertis . 
& Bennett, 1954; Robertson, 1956; Birks, Huxley & Katz, 1960). It was 
thought that a study of the progressive alterations in function and fine 
structure, which occur after motor nerve section, might throw some light on 
the parts played by the different cellular components. Although this initial 
purpose was not fulfilled, an interesting relation was found between changes in 
the spontaneous electric activity of the end-plate and certain rearrangements 
of the presynaptic structures. 

It has been known for several years that two kinds of synaptic activity can 
be recorded from the junctional region of the muscle fibre: (i) the local de- 
polarization produced by a nerve impulse (the end-plate potential, e.p.p.), 
which, normally leads to the propagation of a muscle spike, and (ii) a spon- 
taneous form of activity, consisting of subthreshold ‘miniature e.p.p.’s’ which 
occur at random intervals, in the absence of any stimulation (Fatt & Katz, 
1952). There is good evidence, reviewed by del Castillo & Katz (1956) and Katz 
(1958) that the spontaneous discharge results from an intermittent release of 
multimolecular packets of acetylcholine (ACh) from the nerve terminals. The 
two types of activity are closely related, for the frequency of the spontaneous 
discharge is controlled by the membrane potential of the axon terminal (del 
Castillo & Katz, 1954; Liley, 19565). The frequency increases with progressive 
depolarization of the nerve endings, and the intense brief depolarization which 
accompanies the arrival of the nerve impulse causes the discharge of a few 
hundred units to be synchronized within a fraction of a millisecond, thus 
producing the normal end-plate potential. : 

One of the reasons for placing the origin of the spontaneous activity within 


the nerve endings was the disappearance of the miniature potentials after 
PHYSIO. CL 
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nerve section. We have confirmed this observation, but on further study we 
found that the state of electric silence is only temporary and after the lapse of 
a somewhat longer period, low-rate spontaneous activity is resumed at the 
majority of the ‘denervated end-plates’. This unexpected finding was pursued 
in detail with a combination of physiological and electron-microscopic methods, 


The results will be described in two separate parts, preliminary accounts of — 


which have already been given (Katz & Miledi, 1959a; Birks, Katz & Miledi, 
1959). 
PART I. Electrophysiological study 


METHODS 


Most experiments were made on paired sartorius muscles of frogs (R. temporaria) one of whose 
sciatic nerves had been severed previously. For some long-term denervation experiments the 
operation was repeated after about 1 month, when the spinal nerves also were resected to prevent 
regeneration. Frogs were operated on in batches and kept either at room temperature, or in a 
cold store at 4-6° C. 

In the isolated muscles residual responses to nerve stimulation were studied in the early stages, 
but our main attention was focused on the recording of spontaneous subthreshold potential 
changes in the muscle fibres. In several experiments the sensitivity of the muscle to ACh was also 
tested. The usual procedure was to mount denervated and control muscles side-by-side in the same 
bath of Ringer’s solution, and to record with intracellular electrodes from the fibres. In some cases, 
especially when the effects of different solutions were studied, samples of spontaneous activity of 
both muscles were recorded simultaneously. 

It was essential to be able to locate junctional regions on many muscle fibres without having 
the physiological response available as a guide, For some weeks after nerve section this presents 
no great difficulty, for with a suitable dissecting microscope the innervation of the fibres can still 
be seen. The success of this visual method of location can be assessed from the fact that; in the 
control muscles, 90% of the regions selected in this way for the insertion of the micro-electrode 
showed miniature potentials. These were not all ‘focal’; that is to say, one could sometimes obtain 
a larger amplitude by small subsequent displacements of the electrode, but this was not of great 
importance for most of the experiments. To aid in the detection of miniature potentials, neo- 
stigmine was usually added (approximately 10-* (w/v)) which increases the size and duration of 
the potentials. There were additional methods of confirming the identification of the junctional 
regions: tests for local sensitivity to ACh and, after the experiment, fixation and staining by 
osmic acid and finally examination with the electron microscope. 

After more than 2 months, however, the intramuscular nerve twigs were no longer visible, and 
the selection of denervated end-plates became much more difficult and uncertain. The results of 
long-term experiments were, therefore, less numerous and decisive than those obtained during 
earlier stages of degeneration. The details of the procedure, involving the use of micro-pipettes 
for recording, and occasionally for iontophoretic application of ACh, have been fully described 
before (e.g. Fatt & Katz, 1951; del Castillo & Katz, 1955, 1957). | 


RESULTS 
Failure of transmission and spontaneous activity 
Neuromuscular transmission, as is well known, fails at a time when. the 
majority of the severed axons are still capable of conducting impulses. 
Junctional failure has been reported to occur at very different intervals after 
nerve section (Sokolow, 1874; Cipollone, 1897; Langley, 1909). There are 
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several factors responsible for this variation, the most important being the 
temperature at which the frogs are kept. During a warm spell, with room 
temperatures around 25° C, the sartorius lost its indirect excitability 3-4 days 
after nerve section, but in a batch of frogs kept at 5° C it took about ten times 
longer. There are also characteristic differences between different limb 
muscles: the indirect twitch disappears in the thigh some days earlier than in 
the lower parts of the hind leg; in a given batch of animals, a residual twitch 
could. be seen in the gastrocnemius or tibialis anterior for a week after the 
response had completely ceased in the sartorius, 


Text-fig. 1. Intracellular recording from a slow muscle fibre of iliofibularis, 9 days after nerve 
section. Transmission to the ‘twitch’ fibres of this muscle had failed, and no e.p.p.’s could 
be recorded from them. Electric responses to single nerve shocks of different intensities 
(increasing from below). The responses show the characteristics of ‘slow-junction potentials’ 
(Kuffler & Vaughan Williams, 1953; diphasic shape, additive contributions by several nerve 
fibres). 


A rather interesting difference concerns the ‘twitch’ and ‘slow’ systems 
within any one muscle (iliofibularis or ext. J. dig. IV, for instance; see Kuffler 
& Vaughan Williams, 1953). The indirect response of the ‘slow’ muscle fibres, 
evoked by stimulation of small motor axons, invariably survived for a few 
days after the large axon had failed to excite the twitch fibres (see Katz & 
Miledi, 19596). Text-figure 1 shows intracellular records from a slow muscle 
fibre during this period: by grading the intensity of the stimulus, two or three 
steps of slow-junction potentials could be elicited. The maximum amplitude 
of the local electric response was about 18 mV, which is comparable to that 
obtained in normally innervated fibres (Kuffler & Vaughan Williams, 1953). 
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All this indicates that the transmission at the small-fibre junctions was still 
intact, although all the large-axon endings had ceased to function and did not 
even produce a subliminal end-plate potential. 

This sharp differentiation, in one muscle, between functionally normal and 
completely disintegrated junctions was of interest. It suggested that the 
synaptic failure at individual junctions is not a gradual process in which the 
safety margin slowly declines, but a sudden break-down after a long latency. 
This was amply confirmed when we tried to follow the development of the 
failure among the twitch fibres of the sartorius themselves. 

We expected to find a transitional stage in which the response at a large 
number of end-plates was reduced to the level of a subthreshold e.p.p., but not 
completely abolished. We have looked for such a phenomenon in several 
batches of frogs, but without success. What we found, instead, was that a few 
junctions were still functioning apparently normally, with large e.p.p.’s and 
spikes and the usual background of spontaneous activity, while at many other 
end-plates of the same muscle there was no trace of even a residual e.p.p., 
nor of any spontaneous miniature potentials. 

This statement must be qualified in one respect: the residual transmitting 
junctions tended to deteriorate in the course of the experiment and to fail as 
a result of repeated stimulation much more readily than normal junctions. 
During this acute failure subthreshold e.p.p.’s were sometimes observed, and 
the discharge of spontaneous miniature e.p.p.’s survived the stoppage of the 
impulse. 

In two cases the denervated muscle happened to be removed from the frog 
at a rather critical time, when its indirect response appeared still quite normal 
immediately after dissection, but a few hours later had either been reduced to 
a just noticeable twitch or had completely vanished. At the beginning of such 
an experiment most or all the end-plates showed spontaneous miniature 
potentials at the usual range of sizes and frequencies; at the end, few or none 
could be detected. 


An attempt was made to follow the progress of the acute change in detail by intracellular 
recording of the spontaneous activity. For this purpose a batch of denervated frogs was kept at 
about 5° C for approximately 3 weeks, so as to slow down and spread out the preliminary stage of 
degeneration. Acute observations were then made on the isolated sartorius at 20-25° C. Failure 
of transmission occurred at many end-plates during the experiments. The changes in the spon- 
_ taneous activity were complicated, but the most striking feature was an ultimate decline in rate, 
down to a level of a few discharges per minute or less. This was preceded at some junctions by a 
period of high-frequency discharge, such as might result from a rapid depolarization of the axon 


terminal. The average amplitude of the potentials also diminished during the experiment, to — 


about one half of the initial size, though occasionally a few large spontaneous potentials of the 
order of several millivolts stood out among the rest. In spite of their complexities the observa- 
tions confirmed that at the time of failure of transmission a rapid functional break-down occurs 
in the nerve endings, associated with a decline in = and ultimate disappearance of the 
spontaneous potentials. : 
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_ any rate, whether the transmission failure arises from a local all-or-none 


Scrase, 1950), namely that failure of transmission at a degenerating synapse is 
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Thus, after a preliminary period of several days during which no gross 
abnormalities can be observed, neuromuscular transmission ceases probably 
within hours, and the spontaneous activity also stops. There is little doubt 
that the changes are entirely due to failure of transmitter release from the 
presynaptic terminals, for the sensitivity to applied acetylcholine (observing 
twitch responses as well as local depolarization) was found at this stage to be 
approximately the same in denervated and control muscles, and at no phase 
of degeneration have we encountered a reduced sensitivity on the denervated 
side. We cannot say in what order the terminal apparatus disintegrates: it 
might start with a depolarization of the terminal axon membrane and a 
consequent blockage of propagation into the endings. It was possible occasion- 
ally, to pick up axon spikes from intramuscular nerve branches quite close to 
a completely ‘silent’ end-plate, but this observation is still compatible with a 
blockage more distally, in the non-myelinated arborization of the nerve. At 


blockage of this type or not, the drastic decline of the spontaneous discharge 
indicates that, within a short period, the whole of the terminal apparatus must 
be involved. 


Resumption of spontaneous subthreshold activity 
at denervated end-plates 
The evidence so far presented is in line with the accepted view (MacIntosh, 
1938; Lissik, Dempsey & Rogenblueth, 1939; Feldberg, 1943; Banister & 


associated with a stoppage of transmitter production and therefore also with 
disappearance of the spontaneous miniature potentials (Fatt & Katz, 1952; 
Liley, 1956a). On further exploration, however, we found that spontaneous 
subthreshold activity was resumed at the denervated end-plates during the 
course of the second week. 

The frequency of this renewed discharge is usually very low, much less than — 
at innervated end-plates, and this made it necessary to alter our procedure. 
Normally one has to watch the oscilloscope for only 10-15 sec to ascertain 
whether spontaneous potentials occur at any given locus; in the denervated 
muscle fibres we adopted the rule of waiting for at least 2 min before with- 
drawing the micro-electrode. Once the low-rate activity had been detected, 
care was taken to check the genuineness of the ‘silent period’ during the earlier 
phase of degeneration. In some of the batches, observation periods of up to 
10 min per fibre were used, and attempts were made by local ‘prodding’ with 
a micropipette and by changing the tonicity of the medium (see p. 153) to 
stimulate any latent activity which might be there, but the results were 
unchanged: nerve section was succeeded first by disappearance and later by 
resumption of spontaneous end-plate activity. 
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In several respects the spontaneous potentials resemble those recorded at 
normal end-plates. Their location is confined to the junctional region of the 
fibres, i.e. the places where remnants of the myelinated axons can be seen to 
terminate and where local application of ACh is most effective (cf. Text-fig. 5). 
They were never observed at the nerve-free pelvic end. The pharmacological 
reactions of the local potentials are similar to those of ordinary miniature 
e.p.p.'s: they are reduced in amplitude or abolished by the usual blocking dose 
of curarine and increased in size by neostigmine. The ‘potentiating’ effect of 
neostigmine was apparently less marked than on the normal muscle, but it was 
quite definite when tested during the first few weeks of degeneration. In some 
of the long-term experiments neostigmine appeared to be without effect, but 
this may well be related to the gradual reduction of cholinesterase activity 
which has been reported (Couteaux, 1955). 

There are, on the other hand, certain consistent differences between the 
spontaneous activity at normal and denervated end-plates. The low frequency 
has already been mentioned. The frequency ranges are very wide (see Fatt & 
Katz, 1952), in denervated as well as control muscles, and overlap to some 
extent. Normal rates are usually grouped around one or a few per second, 
though variations between 1 per 10 seconds and over 50 per second have been 
encountered (the upper values probably resulting from local axon damage). 
In denervated muscle the rates are some 10 to 100 times lower: roughly the 
same numbers of discharges can be seen if one waits for minutes rather than — 
seconds. With a random sequence of such long intervals a systematic study 
becomes very tedious, and most of the quantitative observations were therefore 


_ made on the few fibres in which the average frequency exceeded 10 per minute. 


Size and time course. In the majority of the experiments neostigmine 
(10-* (w/v)) was used; this serves to increase amplitude and duration of the 
normal miniature potentials (Fatt & Katz, 1952). With the exception of a few 
experiments, no attempt was made to achieve an optimum location of the 
recording electrode other than using the course of the intramuscular axon 
branches as a guide. 

The average amplitude of the potentials was usually about } to 4 mV, which 
is within the range obtained normally (Katz & Thesleff, 1957). However, the 
amplitude distribution differed quite consistently (Text-figs. 2-4). Instead of 
the ‘Gaussian’, bell-shaped distribution found at normal end-plates, we obtain 
a highly asymmetrical histogram whose maximum is at or near the origin (it 
usually suffers an underestimate because in the lowest-amplitude class some 
potentials are bound to be overlooked). The dispersion of sizes is much wider 
than in normal muscle. There are a few exceptionally large potentials, of 
about 10 mV: amplitude, but this by itself is not a special feature of the 


_ denervated muscle: it also occurs at normal junctions, though only —, 


(cf. Liley, 1957). 
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Text-fig. 2. Spontaneous activity at a denervated end-plate. M.ext.l.dig.IV, 9 days after nerve 
section. No response to nerve stimulation. Upper part, slow continuous recording; lower 
part, swept base lines, separated by 1 mV deflexions; note the wide dispersion of amplitudes. 


‘Toxt-fig. 3. Spontaneous activity from a sartorius end-plate. 5 days denervation ; no response to 
nerve stimulation at this end-plate. Upper part, continuous slow recording (note the almost 
identical size of the three largest potentials, which were also the largest recorded in any 
experiment); lower part, time base sweeps, two different amplifications; note concurrent 
variations in amplitude and rise time of individual potentials. 
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Among the largest potentials there is sometimes a peculiar recurrence of 
‘preferred amplitudes’, as is illustrated in Text-fig. 3. A possible explanation 
of this phenomenon is that the discharge of large packets of ACh may lead to 
a saturation of receptor areas, e.g. of the junctional folds nearest to the point 
of release. 

The miniature potentials in denervated muscle were, on the whole, slower 
and of more variable time course than focally recorded potentials at normal 
end-plates. Unfortunately no accurate comparison was possible because the 
very low frequency of the discharge in most cases prevented a definite focal 
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Text-fig. 4. Amplitude distribution of spontaneous potentials. On the left, three end-plates of 
denervated muscles, A and B 15 days, C 9 days after nerve section; there was no response to 
nerve stimulation in these muscles. On the right, D, an innervated control muscle; FZ, from 
the only junction still transmitting which was found in a 7-day denervated muscle. 


location of the recording electrode. The shortest rise-times were 2-5-5 msec (with 
prostigmine present, e.g. Text-fig. 5), the longest—observed during exception- 
ally large potentials—were of the order of 50 msec (e.g. Text-fig. 3). To give an 
approximate estimate, the time course appeared to be some 2-3 times slower 
in denervated than in normal muscle. Nevertheless many of the rise-times 
were fast enough to rule out any mechanism which would involve long-range 
diffusion of a depolarizing agent, from a source more than some micra away. 
Agents affecting-the discharge rate. One of the most significant features of 

the normal miniature e.p.p.’s is the sensitivity of their discharge rate to exper!- 
mental alterations. Any form of stimulus, electrical, chemical or mechanical, 
which acts on the nerve endings, is apt to produce an outburst of discharges, 
and it is clear that there is an enormous margin, of the order of a million times, 
between the ‘resting’ and the maximum firing rate of the miniature potentials. 
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' None of these procedures worked (e.g. Text-figs. 6-7). When a K-rich solution 


- (e.g. Text-fig. 6). The only exceptions were seen in muscles in which partial 
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We tried to stimulate the activity at the denervated end-plates by a number 
of methods which are effective normally, mechanical prodding of the active 
region ‘with the micro-electrode, application of excess potassium, and of 
hypertonic solutions (Fatt & Katz, 1952; Liley, 1956a; Furshpan, 1956). 


was run into the chamber, the muscle fibres became partially depolarized and 
the amplitudes of the miniature potentials diminished. While the frequency of 
the discharge in the normal control muscle increased markedly, there was no 
apparent change of frequency at the denervated end-plates (Text-fig. 7). 


Text-fig. 5. Upper part, time course of spontaneous potentials from a 20-day denervated end- 
plate; neostigmine 10-* (w/v). Lower part shows an ACh potential produced by a brief 
iontophoretic pulse (lower trace) from a nearby micropipette. 


The effect of hypertonic solutions, which is particularly striking at normal 
end-plates, was studied fairly extensively. Usually the tonicity of the bath 
was doubled by adding sucrose; in some experiments inulin was used to 
increase the osmolarity by about 50%. The discharge rate at the normal end- 
plates went up to well over 100/sec, while we observed no definite increase at 
any of the denervated end-plates, and at some the frequency was even reduced 


regeneration had occurred. In these preparations some end-plates were found 
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whose miniature potentials resembled the normal, in rate, amplitude distri- 
bution and response to hypertonicity, even though nerve-muscle transmission 
had not yet been re-established (electron-microscopic examination showed 
that these muscles contained regenerated nerves and endings of normal 


appearance). 


Text-fig. 6. Effect of hypertonic solution on normal (NW) and 17-day denervated (D) end-plsi». 
Top part normal Ringer’s solution; middle, solution made hypertonic by adding appr“*- 
7% sucrose; bottom, returned to normal Ringer's solution. : 
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The only agent which was found to produce a significant increase in the 
frequency of discharge at denervated end-plates was a reduction of tonicity. 
With a Ringer’s solution diluted to half strength the rate of firing was raised 
about tenfold, and at some end-plates reached values around 1/sec. It had 
previously been observed (Fatt & Katz, 1952; Boyd & Martin, 1956) that, in 
normal muscle the frequency of the spontaneous discharge is decreased by 
hypotonic solutions; but we found that the effect is more complicated, and 


Text-fig. 7. Effect of excess K on normal (N) and denervated (D) end-plate; cold-stored frog, 
104 days denervation. K-rich solution was applied during the middle row, and its effect is 
seen by slow depolarization and increased frequency of discharge at normal end-plate. 


that an immediate fall in frequency (which is striking only if the initial rate 
was high) is followed after 1-2 min by irregular bursts of high-rate discharges. 
It appeared, from a comparison of simultaneous recordings, that the delayed 
action of the tonicity change still occurs at denervated end-plates, while the 
initial effect (which is dominant in normal muscle) has disappeared. 

Having described several distinguishing properties, it is worth while to — 
repeat that in other and, we think, more basic aspects (microscopic location, 
sensitivity to specific drugs), the spontaneous potentials of normal and de- 
nervated muscle represent a very similar form of activity.. One of the most 
puzzling features remains the temporary silent period, which suggests a 
renewal, rather than simply a residue, of a normal form of activity. 
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This gap is illustrated graphically in Text-fig. 8, in which results from six 
batches of frogs (46 muscles) have been pooled. As there was some variation of 
temperature and other conditions between them, the time scale for each batch 
was adjusted so that the period of minimum end-plate activity centred about — 
a common mean value, about 5 days after nerve section (typical for a frog’s 
sartorius at 20° C). The ordinate represents the percentage of impaled muscle 
fibres in which spontaneous miniature potentials were detected. In the normal 
control muscles (not shown in Text-fig. 8) this value varied, between 46 and 
100%, with an average of 89%. That is to say, by using the micrbscopic 
procedure described on p. 146 in the normal muscle, nearly 90 out of every 100 
electrode insertions revealed miniature e.p.p.’s. The open circles represent 
end-plates which still responded to nerve stimulation (and whose spontaneous 
activity was of normal rate and amplitude distribution); the filled circles 
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Text-fig. 8. The transient cessation of spontaneous activity after nerve section; pooled results 
from 46 frogs. Abscissa, time in days after operation (scaled as described in text); ordinate, 
percentage of impaled end-plates at which spontaneous activity was observed. Open circles, 
end-plates with transmission still functioning, spontaneous activity of normal frequency 
range and amplitude distribution; filled circles, end-plates at which no response to nerve 
stimulation was obtained; spontaneous activity was either absent, or of very low frequency, 
and of the abnormal amplitude distribution shown in Text-fig. 4. 


represent end-plates at which transmission had failed (and any observed 
spontaneous activity had the characteristic features of denervated muscle). 
It is clear from this figure that there was a silent period in the spontaneous 
activity, about 4—6 days after nerve section, followed by gradual resumption. 

Observations after long-term denervation. As far as we could ascertain, the 
state of low-rate activity, once resumed, was maintained throughout the period 
of denervation. The observations became difficult after about 2 months, 
because the intramuscular nerves were no longer visible and the selection of 
‘end-plate regions’ had to proceed by trial and error. Under these conditions 
the percentage of ‘successful’ electrode insertions inevitably dropped and 
could no longer be used as an index figure. Nevertheless, even after 130 days 
typical spontaneous miniature potentials were observed, and subsequent 
examination with the electron microscope confirmed the presence of denervated 
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end-plates in the selected region of the muscle. When no special precautions 
had been taken (see Methods), nerve regeneration intervened after 1-2 months 
and made itself evident, as already mentioned, by the appearance of a normal 
type of spontaneous miniature discharges even before impulse transmission 
was re-established. 


Acetylcholine sensitivity and miniature potentials 

It is well known that some weeks after denervation the sensitivity of frog 
muscle to applied acetylcholine increases greatly (Brown, 1937; Kuffler, 1943; 
Nicholls, 1956). The matter has been studied in detail and is reported else- 
where by Miledi (1959). There is wide variation in the time of onset and the 
degree of supersensitivity. It is sufficient here to mention two relevant 
findings. (i) The disappearance and subsequent resumption of spontaneous 
activity during the first 2 weeks are quite unrelated to the chemical sensitivity 


Text-fig. 9. Spontaneous activity at normal (NV) and 66-day denervated (D) end-plate. At the 
first arrow fresh Ringer’s solution was very slowly run through the bath. At the second 
arrow the solution was switched to ACh-chloride (10-* (w/v)); this led to progressive de- 
polarization, and eventually spikes and twitching, in the denervated muscle. (At the third 
arrow, Ringer’s solution was turned on again, but too late to arrest the ACh effect). Amplitude 
of pulse signal (at arrows): 1 mV for D, and 1-1 mV for N. | | 


of the muscle; when tested at this stage approximately the same i: doses of 
. ACh were required to set up twitches in denervated and control muscles, and 


there was no significant difference in the local depolarization produced by 
subthreshold doses. (ii) After a few months’ denervation, when in some muscles 
the sensitivity to diffusely applied ACh had increased more than a hundred- 
fold, there was no corresponding increase in the amplitude of the spontaneous 
potentials (cf, Text-fig. 9); it was doubtful whether there was any difference in 
size which could not be explained simply by the greater resistance of the some- 
what atrophic denervated muscle fibres (Katz & Thesleff, 1957; Miledi, 1959). 
As has been pointed out by Axelsson & Thesleff (1959) and Miledi (1959), the 
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development of drug supersensitivity may be due largely to a spatial spreading 
of the chemo-receptive properties from the localized end-plate region to the 
rest of the fibre surface; in this case it would be observed only if the drug is 
applied to an area which exceeds the original site of the end-plate receptors. 

In some experiments when the sensitivity to ACh was tested iontophoretic- 
ally with a micropipette, intra- and extracellular applications to the muscle 
fibre were compared. The finding of del Castillo & Katz (1955), that the 
depolarizing effect of ACh is only observed during extracellular application, 
was confirmed in denervated muscles (several weeks after nerve section), 
which agreed with an earlier unpublished observation made in collaboration 
with Dr Thesleff. | 

In the present series of experiments spontaneous fibrillation was not 
observed. Unlike mammalian muscle fibres, where spontaneous twitching is a 
common phenomenon, denervated frog muscle has been found to fibrillate 
only infrequently, and then after very long periods of nerve section (Reid, 
(1941; Kuffler, 1943; Fatt & Katz, 1952). 


DISCUSSION 


‘In spite of several quantitative differences, a strong argument can be put 
forward for the view that the spontaneous activity at denervated end-plates isa 
renewal of substantially the same process as that occurring at normal end-plates, 
i.e. a release of packets of acetylcholine, or of a similarly effective substance, 
from a nearby source, on the outside of the muscle fibre. The argument rests on 
(i) the effects of curare and neostigmine, which act on the miniature potentials 
in the same way as on ACh-produced depolarizations; (ii) the fact that the 
potentials are discrete and sometimes fairly large, indicating that large numbers 
of molecules must impinge simultaneously on the end-plate; (iii) the rapid time 
course of many potentials, which suggests that the source of release is within 
close range of the receptors; and (iv) the fact that, as in normal muscle, intra- 
cellular application of ACh is ineffective. 

There is ample evidence that normally the packets of ACh are stored in and 
released from the motor nerve endings. Where does the renewed activity 
originate? Before one can attempt to answer this question, it is necessary to 
find out what is the fate of the synaptic, and especially the presynaptic, 
structures in the course of nerve degeneration. 

The obvious question arises whether the renewed activity is related to tlic 
spontaneous twitching which is commonly observed in denervated mammalian 
muscle fibres, This remains to be studied experimentally; but on the existing 
evidence fibrillation, unlike the miniature potentials or the effect of applic’ 
ACh, is not suppressed by curare (Langley & Kato, 1915; Reid, 1942), and the 
suggested relation seems therefore unlikely. In the frog fibrillation is av 
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unusual phenomenon and, on the few occasions when it has been reported, it 
was also found to be unaffected by curare (Reid, 1941; Fatt & Katz, 1952) 
which sets it apart from the phenomenon described in this paper. 

In sympathetic ganglia, it has been shown that ACh synthesis vanishes 
within a short time after preganglionic nerve section (Feldberg, 1943; Banister 
& Scrase, 1950; see also Brown & Feldberg, 1936; MacIntosh, 1938). This 
does not necessarily conflict with our interpretation; for it would be impossible 
to say whether the production of ACh is completely abolished or persists at a 
level of less than 1% of the initial rate, and no more than this would be 
required to maintain the renewed end-plate activity. 

If one considers the different frequencies of the discharge in normal and 
denervated muscle, the ‘resting’ (i.e. ‘unstimulated’) values hardly provide 
a fair index of the relative rates of production or of the ACh stores in the two 
tissues. Normally there is a very wide margin (approximately 10° times) — 
between the spontaneous and the maximum rates of ACh delivery of which 
the nerve endings are capable. The limitation in discharge rate appears to 
reside in the mechanism of surface release, and not in the internal storage or 
synthesizing capacity of the axon terminals. At the denervated end-plate 
most of the ordinary means of stimulation (chemical, mechanical) failed to 
accelerate the background discharge; only by the use of hypotonic solutions 
was the frequency increased to about 1/sec.- It may be that the maximum 
observable frequencies are more nearly representative of the available stores _ 
of ACh; if this be true, then the discrepancy between normal and denervated 


_ situations would be much larger than indicated by the ‘resting’ rates. 


In more concrete terms the situation could be envisaged as follows. Normally 
there is a large turnover of ACh inside the nerve terminal, quantal packets of 
ACh being built up (perhaps in the form of vesicles) in large numbers and 
maintained in a steady average state. The growth of each individual parcel is 
accomplished quickly and occupies only a brief period in its life span which is 
terminated by destruction or release of its contents from the cell surface. 

At the denervated end-plate a similar process goes on within an as yet 
unspecified structure on the outside of the muscle fibre. But there is an 
important quantitative difference: the production and growth of parcels of 
ACh proceeds at an extremely low rate compared with the turnover in normal 
nerve endings, so that in the steady state the population is of much lower 
density and also of much wider size distribution than normally. In normal 
muscle there is little chance of ACh quanta being released that have not 
already reached their steady-state ‘adult’ size. Conversely, in denervated 
niusele there is little chance of an ACh quantum reaching its adult size, for it is 
hely to be discharged at some random stage of its slow build-up period. An 
interesting feature of this hypothesis is that it could explain, not only the 
difference in rates of discharge between normal and denervated end-plates, 
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but the different types of size distribution of the miniature potentials. The 
‘normal’ histogram is of the kind that would be expected when sampling an 
‘adult’ population. The ‘denervated’ histogram would fit a population of 
growing individuals whose ‘lives’ terminate after random periods of linear 
growth. 


PART II. Electron-microscope examination 


The experiments described in the preceding part suggest that, in the immediate 
neighbourhood of the denervated end-plates, there is some source of a re- 
newed, small-scale production of ACh, which persists for many weeks. To 
obtain further information the electrically explored end-plate regions of many 
denervated and control muscles were prepared after the experiment for electron- 
microscopic study. 

METHODS 

The procedure was the same as for normal myoneural junctions and has been described by 
Birks, Huxley & Katz (1959). The only difference was that the selection of an end-plate region 
became more difficult after several weeks of denervation because the fine intramuscular nerve 
branches were then no longer visible even after osmic fixation, and the electro-physiological 
location of miniature potentials, which was somewhat coarse in these cases, had to serve as the 


only guide. Nevertheless, after some experience had been gained no great difficulty was en- 
countered in finding end-plate structures even after long-term (up to 130 days) denervation. 


RESULTS 


The normal myoneural junction of the frog shows three distinct cellular layers 
(Birks, Huxley & Katz, 1960); a nucleated Schwann cell which covers one 
side of the axon terminal and separates it from the connective tissue fibrils, 
the nerve-ending with its mitochondria and accumulation of ‘500 A vesicles’, 
and the muscle fibre with its array of junctional folds. It is possible to obtain 
sections which do not show all three junctional components, but such instances 
are rare and only apply to a small portion of any one junction. 

After motor nerve section, three successive stages can be distinguished on 
our physiological evidence (see Text-fig. 8); a latent period of about 3 days 
during which normal transmission occurs at most of the junctions, a transient 
silent period when all junctional activity appears to have vanished, and a 
period of resumed. low-rate spontaneous activity which persists for many 
weeks. The time course of these progressive changes varies with temperature, 
and for this reason alone it is necessary to examine the physiological state of 
each preparation if one wishes to look for correlated structural changes. It is 
not sufficient to record simply the: mechanical response to a nerve stimulus, 
for in a muscle like the sartorius, whose fibres have a multiple nerve supply, 
a strong indirect twitch may be obtained at a time when the majority of the 
nerve endings have already ceased to function. 


- During the first stage (latent period), no significant structural changes were 
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of structural detail found in different regions of the cytoplasm. The rather 
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observed. It should be pointed out that we were looking for obvious changes, 
i.e. a striking departure from the normal picture which has been described. 
Such changes were seen as early as 3-4 days after denervation in every muscle 
in which a wide-spread failure of transmission and spontaneous end-plate 
activity had occurred. During this phase a variety of gross alterations were 
seen in the nerve terminals, the full description of which is deferred until later. 
The abnormal features observed during this transitional stage were of a rather 
mixed and complicated kind; enlarged mitochondria whose internal structure 
was either in fragments or filled with unusually dense material, some nerve 
endings containing large masses of apparently agglutinated vesicles while 
others were almost empty and devoid of vesicles, The relation between Schwann 
cell and nerve ending was also highly variable and in many places quite 


obscure. - 


During the third, final, stage the electron micrographs were far simpler and 
easier to interpret. Instead of the normal triple-cell complex (Schwann cell, 
nerve terminal, muscle fibre), there remained now only two cells which were in 
close contact—a nucleated cell which had the appearance of the normal 
Schwann overlay and the muscle fibre with apparently normal junctional 
folds (Pls. 1-4). This general picture was found consistently throughout the 
period of denervation which we studied (up to 130 days provided re-entry of 
the nerve had been prevented). 

The finding that the post-synaptic folds do not undergo any drastic change 
was of considerable practical use, for it provided us with one definite criterion 
in locating end-plates in denervated muscle. Our case for identifying the 
extraneous cell as a ‘Schwann cell’ is perhaps less secure; for the structural 
details alone are not sufficiently distinctive to differentiate it from other 
extraneous cells (fibroblasts, endothelial cells) in the neighbourhood. It is 
certainly not a remnant of the motor nerve ending; this possibility is ruled 
out by the presence of a nucleus (Pls. 2B, 3B and 4). Because of the close 
spatial relation of this cell to the junctional folds, we presume that it is identical 
with, or originates from, the terminal Schwann envelope, having absorbed 
and replaced the remnants of the nerve ending. 

Plates 1-4 illustrate the final state in transverse and ‘anitoding! sections; 
for comparison, normal transverse micrographs are also shown. The consistent 
difference between normal and denervated end-plates is that there is only a 
single ‘presynaptic’ cell after denervation. Its contact with the surface of the 
muscle fibre is indistinguishable from the normal synaptic contact between 
nerve and muscle: size and appearance of the synaptic space with its inter-. 
mediate dense layer are much the same. But the cell contents resemble those 
of the Schwann cell and are quite different from those of a normal axon 
terminal. This applies not only to the presence of a nucleus, but to the variety 
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regular disposition of mitochondrial and vesicular zones, typical of nerve 
endings, is not seen, and the characteristic concentrations of ‘500 A vesicles’ 
are absent. Instead, one finds some regions of little structural detail showing 
only scattered fine filaments and granules, while other regions, situated 
frequently in the neighbourhood of the nucleus, show numerous particles, 
mitochondria as well as spherical granules and vesicles of widely varying sizes. 

In Pl. 4 a longitudinal series of pictures at low magnification is shown from 
a 10-days-denervated end-plate, covering a strip over 50u long. The section 
has passed through an extensive array of post-junctional folds which are 
covered from end to end and separated from the external collagen layer by a 
long nucleated cell, presumably the Schwann cell. This kind of observation is of 
interest because it illustrates the extent of the synaptic contact with the 
muscle fibre which the Schwann cell has established at this stage. 

This situation appears to be maintained for many weeks, in spite of gross 
degenerative changes (atrophy, increased density of connective tissue) which 
take place in the muscle during prolonged terms of denervation. In some long- 
term preparations, we have seen regions in which the junctional folds had an 
unusually wide lumen filled with finely granular material, and also regions in 
which the Schwann cell was separated by collagen fibrils from the muscle folds. 
However, this was not a consistent finding, and it seemed more significant that 
even after the longest period of denervation (130 days), junctional regions 
could be found whose folds had a normal appearance, and whose contact 
relation, between Schwann cell and muscle fibre, was substantially the same as 
that observed after 2 weeks denervation. It seems safe to conclude that during 
the ‘final stage’ of denervation, when low-rate spontaneous discharge of 
miniature potentials has been resumed, the axon terminals have completely 
disintegrated and been replaced in their synaptic position by the Schwann cell. 

When regeneration of the nerve had not been prevented by a further 
operation, re-entry of axons and formation of new synaptic terminals was 


observed as early as 4-5 weeks after the nerve section. In some of the new - 


junctions the nerve endings were smaller than those normally seen and were 
covered by a disproportionately big Schwann overlay. The contents of the 
axon terminals were typical of normal endings and usually very rich in vesicles. 
Structural regeneration of nerve terminals was found in some preparations 
even though impulse transmission had not been restored (though a possible 
failure as a result of dissection or other damage could not be entirely ruled 
out); but even in these preparations there was evidence that the spontaneous 
activity at some end-plates had returned to the normal pattern of sizes and 
frequencies. 

The transient stage. The intermediate phase, associated with sudden failure 
of transmission and cessation of spontaneous activity, was of interest princip- 
ally because one might hope to obtain some clues as to the function of specific 


| 


| 
ch 
if 
J 
a 
, 
4 
| 
a 
a 


‘mitochondria. 


NEUROMUSCULAR DEGENERATION 163 


cell components, e.g. the vesicles. Unfortunately, the earliest structural 
changes which we observed were too complex and involved too many aspects 
of the presynaptic elements to lead to any such definite conclusion. It was, 
however, encouraging to find that there were striking structural abnormalities 
in every preparation in which junctional activity had ceased. In ‘mixed’ 
muscles which contained inactive as well as functioning end-plates, a mixture 
of normal and degenerating nerve endings was found. We could not identify 
individual end-plates, but in one preparation there was a clear distinction 
between three junctional regions, two of which were inactive and showed gross 
structural changes, while the third contained a high proportion of junctions of 
normal activity and structure. 

Among the various disintegrative changes in the nerve terminals the most 
outstanding feature is the appearance of large ‘honeycomb’ structures which 
look like masses of agglutinated vesicles (i.e. closely packed vesicles whose 
interstices are denser than their central cores, e.g. Pls. 5-8). Built into the 
honeycombs one finds numerous swollen mitochondria whose internal structure 
may be broken up or filled with dense material. At other end-plates, presum- 
ably in a somewhat more advanced stage, islets of such honeycombs are seen 
completely enclosed in the Schwann cytoplasm which has established synaptic 
contact with the muscle fibre. In other areas, sometimes of the same end-plate, 
a very different form of degeneration is seen, the nerve terminal appearing as 
a large, almost empty space, containing a few scattered vesicles and swollen 


Many questions are raised by these pictures which it is not possible, at 
present, to answer. We do not know whether the different structural ab- 
normalities (honeycombs, empty spaces) represent consecutive steps or 
different pathways of a degenerative process. The only definite statement 
that can be made is that they all represent some form of transition from the 
normal, triple-cell, to the final, double-cell compound of the junction. 

We inferred from a day-to-day comparison of the functional and structural 
properties that the early changes in both occurred abruptly and on the same 
day. An attempt was made to improve the timing of this comparison, by 
using denervated ‘cold-frog’ preparations in the way described on p. 148, but 
the result was inconclusive. At the end of such experiments, many of the 
previously transmitting junctions had failed and their spontaneous activity, 
after a transient large increase, had fallen to a very low rate. In the electron 
microscope most of these junctions showed abnormalities, notably swollen 
mitochondria and a general reduction in the number of vesicles, but in view of 
earlier observations (Birks et al. 1960) it is doubtful whether these alterations 
are specifically related to the degenerative process or result from damage and 
presynaptic depolarization. 7 
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DISCUSSION 


The general conclusion from these experiments is that motor nerve section is 
followed, after a delay of some days, by structural disintegration of the axon 
terminals together with failure of transmission and stoppage of the spon- 
taneous end-plate activity. Within the following week spontaneous discharge 
is resumed at a low rate, and by this time the place of the nerve ending is 
found to have been occupied by the Schwann cell. An obvious, though not 
inevitable, inference is that the source of the renewed release and production 
of ACh (or similarly-acting substance) is inside the Schwann cell. 

There seem to be few reports in the literature which have a direct bearing on 

these conclusions. Statements concerning the time of neuromuscular failure 
and of histological break-down of the nerve endings in the frog vary widely: 
between 4 few days, according to Cipollone (1897), and several weeks according 
to Sokolow (1874), intermediate values being given by Langley (1909). These 
discrepancies might have been largely accounted for by climatic differences 
between the frog cellars of Rome, St Petersburg and Cambridge; unfortunately 
the temperatures at which the denervated frogs were kept are not stated in 
these papers, and this would have a very large effect on the time course of 
degeneration (see p. 147; cf. also Bethe, 1903; Parker, 1933). 
_ A very relevant finding was the observation by Tiegs (1932) on lizard 
muscle, that the ‘cords of Biingner’, which consist of Schwann cells and 
replace the peripheral portion of a cut nerve, make immediate contact with the 
muscle end-plates and remain in this position for long periods (tested up to 
146 days). | 

An obvious suggestion is that there is a connexion between the terminal 
Schwann cell and the resumed activity at the denervated end-plate, because 
the physiological evidence indicates that there is a renewed, low-rate discharge 
of packets of ACh from a nearby source on the outside of the muscle fibre 
(see Discussion, p. 158), and the electron microscope shows a Schwann cell 
in the required place and throughout the appropriate period. There are, 
however, other possibilities which we cannot eliminate. For example, ACh 
might be released from the muscle fibre itself; this is not ruled out by the 
finding that iontophoretic release of the drug into the interior of the muscle 
fibre is ineffective. It is also possible that remnants of the axonal stock of 
ACh are lingering on or that there may have been ‘sprouting’ from nearby 
autonomic nerves, though one would then have to assume that the associated 
structures not only survived or escaped degeneration, but remained un- 
detected in the electron microscope. These are unlikely suggestions, but the 
lack of any positive evidence does not, of course, disprove them. 

If we accept the more probable view that the low-rate activity originates 
within the Schwann cell, a number of further intriguing questions arise. Are 
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these cells always capable of producing ACh, at a very low rate, or is this a new 
biochemical property which the cell acquires after absorbing the remnants of 
the nerve endings and of their enzymic apparatus? And in this connexion, 
how are we to explain the temporal gap between normal and resumed end-plate 
activities? This silent period would be fairly easy to understand if the pro- 
duction of an ACh-like substance by the Schwann cell were a new property 
which takes some time to develop. The alternative argument, that it would 
take time in any case for the cell to establish extensive contact with the muscle 
fibre, is not very strong, because during the silent period many points can be 
found at which the Schwann cell has already replaced the axon terminal in its 
synaptic position, and some areas of contact between Schwann cell and muscle 
end-plate, though much more restricted, exist even normally. 

One may ask whether the view presented here is still compatible with the 
“vesicular hypothesis’, according to which quantal delivery of ACh depends 
on its distribution in discrete vesicular bags inside the nerve ending. There 
would seem to be no difficulty in extending this view to the denervated 
junction, for vesicles can certainly be seen inside Schwann cells, though 
much more sparsely distributed and in a much greater variety of sizes. These 
features might indeed be related to the lower frequency and wider amplitude. 
distribution of the miniature potentials. — | 


SUMMARY 


1. The functional and structural changes which occur at the myoneural 
junction of the frog after motor nerve section have been investigated by intra- 
cellular recording of the electrical end-plate activity and by subsequent 

examination of junctional regions in the electron microscope. 

2. The time course of the degenerative process varies greatly with tempera- 
ture. At 20°C junctional transmission in the frog’s sartorius fails after 
approximately 5 days; at about the same time the spontaneous discharge of ! 
miniature end-plate potentials ceases. : 

3. During the following week local spontaneous activity is gradually re- 
sumed at the denervated end-plates, though at a much lower rate than in the 
control muscle and with characteristic differences in distribution of the 
amplitude of miniature potentials and in their response to various stimulating 
agents. The renewed end-plate discharge is maintained at a low rate for many 
weeks. | 

4. The transient stoppage and subsequent resumption of spontaneous 
activity are not related to any change in chemical sensitivity of the denervated 
muscle. During the early stages the effects of applied drugs (acetylcholine, 
curare and neostigmine) are not substantially different from those in normal 
muscle. Supersensitivity to acetylcholine develops after some weeks of 
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denervation, when the spontaneous local activity has already been fully 
established. 

5. Evidence is presented for the view that the miniature potentials at 
denervated end-plates arise, like those in normal muscle, from a quantal 
liberation of acetylcholine, or a similarly effective substance, from a nearby 
source on the outside of the muscle fibre. 

6. Electron-microscopic examination shows that gress structural changes 
occur in the motor nerve terminals at the time of failure of transmission, 
sometimes as early as 3-4 days after nerve section. Among the prominent 
features are swelling and disintegration of mitochondria, and formation of 
large ‘honeycomb’ structures consisting of apparently agglutinated vesicles. 

7. The final state is reached after about 1 week and is maintained through- 
out the period of denervation (which was followed up to 130 days). It is 
characterized by complete disappearance of the axon terminal and the 
presence of two, instead of the normal compound of three, cells at the end- 
plate: namely, the nucleated Schwann cell in contact with the muscle fibre 
whose junctional folds have retained their normal appearance. 

8. Itis suggested that the Schwann cell, which has replaced the motor nerve 
ending in its synaptic position, is responsible for a renewed, small-scale 
production and release of ‘acetylcholine packets’. 


We are indebted to Dr H. E. Huxley for frequent advice and to Mr J. L. Parkinson for his con- 
tinuous help. This investigation was supported by an equipment grant made by the Nuffield 
Foundation. 
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EXPLANATION OF PLATES 


All electron micrographs are from frog’s sartorius muscles, fixed in buffered OsO, and then 
stained with 1% phospho-tungstic acid in absolute alcohol. All scales = 1p. 


Plate 1. Cross-sections, same magnification for A, B and C. A, normal, innervated, muscle, 
showing Schwann cell overlay, vesiculated nerve ending and muscle fibre with portions of 
junctional folds; B and C, 11 days denervation. 

Plate 2. Cross-sections through nucleated regions of Schwann cell. A, normal muscle; B, 11 days 
after denervation. 

Plate 3. Longitudinal sections of denervated junctions (A, 12 days; B, 10 days) showing variety 
of structural inclusions in certain regions of the Schwann cell. Nucleus is seen in B. 

Plate 4. Longitudinal survey of a denervated junction of the muscle fibre (10 days). The surface 
of the muscle fibre with its junctional folds can be followed, from left to right and in successive 
rows from above, over a distance of more than 50y. It is covered from end to end by a 
‘Schwann cell’ whose nucleus is seen in the second and third rows. 

Plate 5. Early stage of denervation (4 days). Longitudinal section showing a dense, ‘honey- 
combed’, remnant of axon terminal surrounded by lightly stained cytoplasm (presumably 
Schwann cell). Muscle with junctional folds on the right. 

Plate 6. Different forms of ‘honeycombs’. A: transverse, 8 days denervation. B: longitudinal, 
4 days denervation. : 

Plate 7. Two more examples of transient forms of nerve remnants, surrounded by Schwann (?) 
cytoplasm. 4-days denervation; longitudinal; same magnifications in A and B. 

Plate 8. In this figure an attempt has been made to illustrate a sequence of the earliest morpho- 
logical changes after nerve section; longitudinal, all of same magnification. A, 3-days 
denervation; transmission in this muscle was intact, and there were no obvious structural 
abnormalities. B-#, from a ‘mixed’ muscle (4 days); transmission had failed at many 
junctions, but was still functioning at some places. B and C, these were from a region at 
which normal and abnormal endings could be seen side by side; B and C probably represent 

one of the earliest structural changes (swelling of axonal mitochondria, low density of 

vesicles). D and £, regions of more advanced degeneration similar to those in Plates 5-7. 
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THE ELECTRICAL ACTIVITY OF MAMMALIAN 
INTRAFUSAL FIBRES 


By C. EYZAGUIRRE 


From the Department of Physiology, University of Utah College of Medicine, 
Salt Lake City, Utah, U.S.A. 


(Received 29 July 1959) 


The function of mammalian spindles has been extensively investigated 
in recent years. From these studies it is apparent that stimulation of 
small-diameter ventral root axons increases the discharge rate of spindle 
afferent fibres. (The motor fibres to the spindle have been variously 
designated as gamma, efferents (Leksell, 1945), small-nerve motor fibres 
(Kuffler, Hunt & Quilliam, 1951) and fusimotor neurones (Hunt & 
Paintal, 1958).) The available experimental evidence indicates that the 
increased sensory discharge during fusimotor activation results from con- 
traction of intrafusal fibres. In fact, Kuffler e¢ al. (1951) succeeded in 
recording a small potential from the muscle surface during selective stimu- 
lation of fusimotor neurones. This potential was localized in a small muscle 
area and these authors concluded that it must have originated from intra- 
fusal muscle fibre activity. However, it could not be decided whether this. 
‘intrafusal potential’ resulted from action localized to the intrafusal neuro- 
muscular junction or from activity propagated along the intrafusal fibres. 

Activity of muscle fibres of qualitatively different types elicits, in lower 
vertebrates, either propagated or junctional potentials only. Thus, a 
‘twitch’ and a ‘slow’ muscle systems have been established in the frog 
(Kuffler & Vaughan Williams, 19530, b). Since mammalian extrafusal 
fibres are equivalent to the frog’s ‘twitch’ fibres it was of interest to deter- 
mine whether intrafusal bundles behave like those of the ‘slow’ system of 
the frog. It has long been suspected that mammalian intrafusal fibre con- 
traction is slower than that of extrafusal elements, a deduction based 
upon the sensory discharge pattern evoked during stimulation of fusimotor 
neurones (Kuffler & Hunt, 1950). Results of the present study suggest that 
intrafusal fibre activity elicits propagated action potentials during fusi- 
motor stimulation; consequently, intra~ and extrafusal fibres are similar. 
A preliminary report has already been published (Eyzaguirre, 1959). 
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METHODS 


Cats were anaesthetized with sodium pentobarbital. The tenuissimus muscle was excised, 
together with its own nerve and part of the sciatic (for details see Adrian, 1925). The pre. 
paration was mounted in a transparent chamber containing Locke’s solution (NaCl 9-0, 
KCl 0-42, CaCl, 0-24, and NaHCO, 0-2 g/l.); dextrose 1-0 g/l. was added imimediately before 
the experiment. A gas mixture containing 95 % O, and 6 % CO, was bubbled into the saline, 
which was covered by a layer of paraffin oil. The temperature of the bath was maintained 
at 37-38° C by means of an insulated nichron loop connected to a battery. Both ends of the 
muscle were firmly gripped by forceps which were part of a ‘stretcher’ operated by micro- 
meter screws; this device allowed careful adjustment of the resting tension. In general, the 
experimental arrangement was similar to one used for cold-blooded preparations (Eyza- 
guirre & Kuffler, 1955; Eyzaguirre, 1957, 1958) except for the heating element. With the 
aid of a binocular dissecting microscope and polarized light the preparation was cleaned 
from connective tissue. The nerve was laid flat on a glass plate and split with sharp dis- 
secting needles in order to isolate single motor and sensory fibres. If the nerve sheath proved 
too tough the nerve was placed in a solution of papaine or chymotrypsin (1 mg/ml.) and 
digestion was allowed to proceed for 30-60 min. After that time connective tissue was 
considerably softer and isolation of single fibres relatively easy. Isolation of fusimotor fibres 
proved somewhat difficult when the nerve was teased close to the muscle; it was easier to 
isolate them high up in the sciatic nerve. Normally, fusimotor fibres were identified by their 
effect upon stimulation on sensory discharge rate in the absence of extrafusal muscular 
contraction. In a number of experiments fusimotor fibres were stimulated by axon reflex; 
one nerve branch.to the tenuissimus was cut close to the muscle and stimulating electrodes 
were placed on its proximal end. Nerve action potentials were recorded from small filaments 
which often contained single sensory fibres. Sometimes it was possible to detect visually a 
slender filament contracting during fusimotor stimulation. Contraction of such a filament 
coincided with increased sensory discharges. Intrafusal potentials were recorded from the 
surface of the muscle immersed in paraffin oil by small (50 ») platinum-iridium electrodes 
connected to capacity-coupled amplifiers. High-frequency filters were used in order to 
decrease amplifier noise. The filtering used did not appreciably change the amplitude or 
time course of most intrafusal potentials. If the potentials recorded were sufficient in ampli- 
tude for ease of measurement the fusimotor fibre was stimulated at 1/sec. However, when 
the signal: noise ratio was low, about 10 responses were superimposed at a stimulation 
frequency of 10/sec. 

Several drugs were applied either to the whole muscle or locally. For topical application 
a portion of the muscle was lowered into a small box containing a solution of the substance, 
while the rest of it remained in oil. Thus, intrafusal potentials could be recorded during drug 
action. In other experiments 11 % sucrose was applied in similar fashion (Fig. 4). 


RESULTS 
Location of spindles 
With the muscle suspended in oil, a spindle which responded to stimu- 
lation of a given fusimotor fibre could be located by determining the long- 
tudinal distribution of the resulting intrafusal potential. In some cases lo- 
cation was aided by seeing the contraction of an intrafusal bundle. If this 
was not possible one electrode was fixed at one end of the muscle while the 
other recorded the response to fusimotor stimulation at successive points 
1 mm apart along the length of the muscle. At each point the response was 
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recorded photographically. From these data a map of the longitudinal 
distribution of the intrafusal potentials was constructed. In most instances 
intrafusal potentials were recorded with one electrode leading and the 
other indifferent. An intrafusal bundle is only a short and slender filament 
surrounded by an encapsulated lymphatic space as well as a mass of 


_ ‘inert’ musele tissues. Consequently, conditions similar to those in a 


volume conductor were present in this situation, although the preparation 
was immersed in oil. In some cases it was clear that the leading electrode 
picked up the electric potentials of more than one intrafusal bundle (see 
later). 

The amplitude, duration and polarity of the intrafusal potentials varied 
from one experiment to another. The usual sequence of potential change as 
the roving and leading electrode approached a spindle region was from a 
purely positive deflexion to a positive-negative deflexion. When the 
electrode was further advanced to the active region a positive-negative— 
positive deflexion was registered. When a positive—negative deflexion was 
obtained, this sequence of events indicated that such a region acted as a 
source and then as a sink for current flow and hence was apparently at the 
end of the spindle. As the electrode was advanced further, the positive— 


' negative—positive potential probably indicated that the region acted as a 


source, then a sink and then a source for current flow and that presumably 
was at the centre of the spindle. In some instances negative—positive 
deflexions were obtained. The latter, however, were difficult to obtain and 
apparently were produced by superficially located spindles. In other cases 
only small positive deflexions were registered which did not change ap- 
preciably by shifting the recording electrode within an active locus. It is 
suspected that this type of potential originated from deep-lying spindles. 

Figure 1 shows the results of a methodical exploration of a muscle 
80 mm long. A single fusimotor fibre was stimulated at 10/sec while one 
indifferent recording electrode (Li) remained stationary at the right end of 
the muscle (point 80). The other leading electrode (La) was moved from 
point 80 to point 0 (left end of the muscle). Exploration from point 80 
to point 45 did not show any intrafusal potentials. At point 45 a small 
positive deflexion appeared which did not change significantly up to 
point 35. Between points 33 and 31 a positive-negative deflexion was 
recorded. At point 31 a triphasic potential appeared and this response was. 
well recorded up to point 29. After point 29 a mainly positive deflexion 
was recorded (see point 27). At point 26 and toward point 0 another 
complex appeared, partly superimposed on the previously recorded 
potential (not illustrated). This last complex apparently originated in 
another spindle innervated by the same fusimotor fibre. When La was kept 
stationary at any point between points 0 and 45, the recorded potential 
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did not change when Ji was moved from point 45 toward the right end of 
the muscle (point 80). The shaded area in the illustration indicates the 
probable position and length of the spindle. In other experiments larger 
intrafusal potentials were recorded, but the sequence of potential changes 
was similar to that presented in Fig. 1. Figure 2 illustrates such an 
instance. A 65 mm muscle was explored in millimetre steps and a single 
fusimotor fibre was stimulated at 1/sec. When both recording electrodes 


Fig. 1. Electrical exploration of tenuissimus muscle during stimulation of single 
fusimotor fibre at 10/sec. Muscle was 80 mm long. One electrode (Li) placed at an 
indifferent position (point 80) the other electrode (La) explored the surface in 
millimetre steps. Numbers indicate the position of La expressed in millimetres 
from left end of muscle (point 0). Arrow shows the point of nerve entry into the 
muscle, Voltage, 20 »V. In all figures except 8A, B, D, HZ, time marker 1 msec. 


were placed at any points to the left of point 40 intrafusal potentials were 
not recorded. Ji was left fixed at point 40 and La was moved past this 
point toward point 65 (right end of the muscle). At point 55 a small 
positive-negative deflexion occurred, the negative phase increasing in 
amplitude up to point 63 where a late positive deflexion appeared, which 
was more conspicuous at point 65. It is probable that the spindle in this 
case was located between points 55 and 65 (shaded area). 

From these experiments it is concluded that electric exploration of the 
muscle surface during fusimotor activation allows the location of active 
intrafusal bundles provided that a single fusimotor fibre is stimulated. 
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Stimulation of more than one spindle efferent fibre produced intrafusal 
potentials which were too complex to permit accurate location of the 
spindle (see below). Further proof that electrical exploration is an ade- 
quate means for determining the position of a spindle was provided by 
experiments in which curare was applied locally. After electrical location 
of a spindle topical application of curare at this region completely blocked 
the appearance of the intrafusal potential (p. 179). 


Fig. 2. Exploration of tenuissimus muscle during single fusimotor fibre stimula- 
tion at I/sec. Muscle was 65mm long. Li placed as an indifferent electrode at 
point 40. Numbers indicate the position of La on the surface (see text). Voltage, 
20 nV. 


The intrafusal potential 

It was shown in the previous section that stimulation of a single fusi- 
motor fibre elicited intrafusal potentials which were relatively simple and 
similar to potentials registered in a volume conductor (Figs. 1, 2). How- 
ever, stimulation of more than one fusimotor fibre frequently produced 
complex polyphasic responses. Such potentials are illustrated in Fig. 3. 
The muscle was immersed in oil and the leading electrode was kept 
stationary at a given site. The indifferent electrode was placed 35 mm away 
on an electrically inactive region. At threshold stimulation a single fusi- 
motor fibre was stimulated and the resulting intrafusal potential is shown 
in Fig. 3A. The intensity of stimulation was slowly raised and an additional 
intrafusal response appeared, partly superimposed on the previous complex 
(Fig. 3B). With stronger stimulating shocks a larger intrafusal potential 
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appeared near the end of the previous potentials (Fig. 3C). Results — 


illustrated in Fig. 3A, B and C show that when several fusimotor fibres are 
stimulated the resulting intrafusal potential may become complicated, 
since unitary responses may appear close to and superimposed on each 


other. Also, the polarity of the potentials recorded by one electrode at a 


given site may show different characteristics. Thus, the potential illus- 
trated in Fig. 3A was formed mainly by a positive deflexion, whereas the 
complex recorded in Fig. 3C was formed by the potentials illustrated in 


Fig. 3. Intrafusal potentials elicited by stimulation of several fusimotor fibres; 
leading electrode kept stationary at a given recording site, indifferent electrode 
35mm away. A, threshold stimulation evoked an intrafusal potential with 
prominent positive phase. B, activation of an additional fusimotor fibre elicited 
a smaller potential partly superimposed on previous one. C, a larger and mainly 
negative intrafusal potential produced by additional activation of a third fusi- 
motor fibre, D and EH, taken from different experiments: D, intrafusal potential 
produced by threshold fusimotor stimulation; HZ, additional potential was evoked 
by activating also another fibre. | 


Fig. 3A and B plus a large negative deflexion. In short, at a given re- 
cording site the leading electrode may record the sum of potentials of 
opposite polarity. Compounded intrafusal potentials appearing in close 
succession were not always the rule. At times, stimulation of more than 
one fusimotor fibre elicited intrafusal potentials separated by sufficiently 
long intervals to make them appear as separate entities. This occurrence 
is illustrated in Fig. 3D, H. Weak shocks delivered to a nerve filament 
activated a single fusimotor fibre, and the resulting intrafusal response is 
illustrated in Fig. 3D. Stronger fusimotor shocks produced an additional 
and slightly larger intrafusal potential after some delay (Fig. 3 2). 

The analysis of intrafusal potentials was difficult when both recording 
electrodes led off the intrafusal responses from the muscle surface and it 


a 
‘ 
: 


cr Vs. 


MAMMALIAN INTRAFUSAL FIBRES 175 


was not known which component of the intrafusal potential was being 
recorded by one or the other lead. This complication was sometimes un- 
avoidable, even when a single fusimotor fibre was stimulated, since the 
spindles in the tenuissimus are placed serially (Boyd, 1956) and frequently 
a single fusimotor fibre may divide and innervate more than one spindle — 
(Hunt & Kuffler, 1951). In order to eliminate this difficulty experiments 
were designed to produce a localized block under one electrode or between 
the recording leads. Figure 4 illustrates such a procedure. The muscle was 
lifted into oil and the spindles were located either by visual observation or 
by electrical exploration. That portion of the muscle was lowered into a 
small box and the recording leads were placed at both edges of the groove 


Fig. 4. Complex intrafusal potentials recorded from muscle surface, recording 
electrodes set 30 mm apart. Two fusimotor fibres stimulated by shocks of different 
intensities. A, schematic diagram of recording conditions (see text). B, threshold 
stimulation elicited one intrafusal potential. C, stronger shocks produced an 
additional intrafusal potential. Between C and D 11% sucrose was applied for 
10min between recording electrodes; D, larger and monophasic intrafusal 
potential. Z, 10 min after D. F, 10 min later weaker shocks again elicited intra- 
fusal potential previously recorded in B. @-J illustrate further recovery from 
sucrose. Voltage, 16-5 pV. 
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(Fig. 4A). During control recording the box was filled with oil. In this 
particular experiment the recording leads were set 30 mm apart. Intensity 
of stimulation to the fusimotor fibres was gradually increased. At thres- 


hold stimulus strength an intrafusal potential averaging 13-2 .V was 


recorded. This potential had a shock—peak latency of 4:18 msec + 0-07 s.p. 
(Fig. 4B). Stronger stimulation elicited an intrafusal potential of 29-7 .V 
measured from peak to peak. Shock—peak latency of the upward deflexion 
was 3:24 msec + 0-08 s.D., while the downward deflexion had a latency of 
4:17 msec + 0:06 s.p. (Fig. 4C). It may be noticed that the shock—peak 
latency of the potential illustrated in Fig. 4B and that of the downward 
deflexion of the potential illustrated in Fig. 40 are the same. The following 
procedure was used to determine which lead recorded the potential in 4B 
and whether the complex illustrated in 4C was being recorded by the same 
lead or if its components resulted from bipolar leading: The groove in the 
box was filled with a solution of 11 °% sucrose and the preparation remained 
otherwise undisturbed for 10 min. After this period of time the sucrose 
was removed and the intrafusal responses were recorded in oil as before. 
The recorded potential became monophasic and larger (32-3 .V) with a 
latency of 3-5 msec+0-4s.D. In addition, a rather prominent negative 
after-potential was detected (Fig. 4D). The preparation remained un- 
disturbed for another 10 min and the intrafusal potentials evoked again 
by fusimotor stimulation at different stimulus strength. Fusimotor stimu- 
lation produced only an upward deflexion averaging 24:7 uV, with a 
shock~peak latency of 3:3 msec+0-14s.p. This is the same response 
registered earlier during the full sucrose effect although now it had lower 
amplitude (Fig. 4). A few minutes later it was possible to elicit an intra- 


fusal potential similar to that recorded in Fig. 4B by reducing the stimulus 


strength. Its amplitude was now 16-3 »V and its shock—peak latency was 
4-9 msec + 0-14 8.D., which is significantly longer than that obtained before 
sucrose. Slowing down of conduction was obviously produced by sucrose 


although the site of its action was not determined (Fig. 47). Stronger 


stimulation now elicited a diphasic potential in which, after the passage of 
time, the latency of the downward deflexion became progressively shorter 
until it reached normal values (Fig. 4G—J). 

It is concluded from the experiment just described that the upward 
deflexion of the potential illustrated in Fig. 4C was recorded by the 
electrode proximal to the block, since it was not eliminated by sucrose. 
The intrafusal potential illustrated in Fig. 4B and the downward deflexion 
recorded in 4C were registered by the distal lead since they were blocked 
by sucrose, With regard to the site of origin of these potentials, it is sug- 
gested that two intrafusal bundles were involved. One was outside and 
proximal to the sucrose block, its responses being recorded by the proximal 
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electrode. The other intrafusal bundle must have been at least partly 
inside the sucrose solution and its responses were picked up by the distal 
electrode. This assumption is based on the facts that at least 20 mm of 
muscle was immersed in sucrose and that the length of the spindles is from 
4 to 12 mm (Boyd, 1956). Consequently, the possibility that the recorded 
intrafusal potentials all originated in one intrafusal bundle could be 
excluded. 

It is of some interest that different intrafusal potentials showed in many 
instances appreciably different latencies. These potentials had occasionally 
the same polarity as those illustrated in Fig. 3D and Z, or their polarity 
could be different (Fig. 3A, B, C; Fig. 4B, C). In view of the fact that the 
position of the leading electrode does not. appreciably influence the shock— 
peak latency of an intrafusal potential, as was shown in the preceding 
section (cf. also Kuffler et al. 1951), it is suggested that different latencies 
could be due to the following factors: (i) potentials originating in different 
spindles serially located, the differences in latency being accounted for by 
longer intramuscular nerve distances and (ii) by differences in conduction 
velocities in motor fibres to the same spindle. Experiments in which a 
localized sucrose block was employed seem to indicate that the first of the 
outlined possibilities is more likely to occur. 

In several experiments stimulation of a single fusimotor fibre elicited 
intrafusal potentials in widely separated areas of muscle: intrafusal 
potentials could be localized to both ends of the muscle while the centre of 
the preparation remained electrically silent. Also, activation of intrafusal 
bundles by motor axon reflex (see Methods) was possible. These observa- 
tions show that a single fusimotor fibre may divide and innervate widely 
separated muscle regions. Conversely, stimulation of more than one fusi- 
motor fibre produced at times intrafusal responses. with the same latency 
(Eyzaguirre, 1960). This finding probably indicates that a single intrafusal 
bundle may receive more than one fusimotor fibre. These results agree with 
previous observations of Hunt & Kuffler (1951). 


Recovery of the intrafusal potential 
Kuffler et al. (1951) reported that the intrafusal potentials do not show 
facilitation during repeated excitation. Furthermore, they found that if 
the interval between two successive fusimotor shocks was shortened to 
about 1 msec, the second intrafusal response was reduced. These points 


-_were reinvestigated and somewhat more detailed information is presented 


in this section. 
The intrafusal potentials were recorded during nerve stimulation by 
paired shocks separated by varying intervals. It was necessary to ensure 


that only one fusimotor fibre was present in the nerve filament set up for 
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stimulation; when more than one spindle motor fibre remained, closely 
spaced, supramaximal shocks could activate more than one fibre, resulting 
in larger intrafusal potentials. The cathode was placed toward the spindle 
in order to avoid anodal polarizing effects. As the interval between shocks 
was decreased to 0-7 msec the response to the second (test) stimulus dis- 
appeared in all-or-none fashion. Figure 5 shows amplitude values of the 
response to the test stimulus expressed as percentage of the potential 
obtained during the first (conditioning) stimulus. At 0-7 msec interval the 
response to the test shock appeared, having an amplitude which averaged 
98% of that produced by the conditioning shocks. The second response 
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Fig. 5. Two nerve shocks delivered at different intervals. The diagram illustrates 

the amplitude of the second intrafusal response as compared with the first intra- 

fusal potential. Abscissa, time; ordinate, amplitude of second intrafusal response 
expressed as percentage of the first potential. 


failed to appear in 16-6% of the cases and no intermediate steps were 
‘observed. Another interesting feature is illustrated in Fig. 6. When the 
intervals between stimuli were greater than 3-4 msec both potentials had 
the same shock—peak latencies, since all values recorded form a straight 
line with a slope of 1. At shorter intervals the onset of the second potential 
was delayed, since the points of the curve abandon the straight line for 
another with a gentler slope. 

Results presented in Figs. 5 and 6 indicate that when two shocks to the 
fusimotor fibres are delivered in close succession the second intrafusal 


potential disappears abruptly; at longer intervals its amplitude does not 


differ significantly from the first one. The longer latency of the responses 
obtained after the test stimuli was probably due to longer neuromuscular 
delay caused by partially refractory intrafusal fibres. The latter situation 
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has been observed when dealing with extrafusal muscle fibres (Kuffler, 
1942). 

In general, the intrafusal neuromuscular junctions proved to be remark- 
ably resistant to fatigue. When tetanic stimulation at 50-200/sec was 
maintained, for a few seconds the amplitude of the intrafusal potentials 
did not change. However, if stimulation at these frequencies was main- 
tained for a longer period of time a decline in a of the intrafusal 
was observed. 


10: 


Intervals between peaks of 
intrafusal potentials (msec) 


- Intervals between shocks (msec) 


Fig. 6. Delayed onset of the second intrafusa! response at short stimulating 
_ intervals; two stimulating pulses delivered at decreasing intervals. 


Effect of curariform agents and physostigmine on intrafusal junctions 


Amphibian intrafusal junctions are more resistant to fatigue and 
curarization than extrafusal ones. This property has been employed 
successfully in the study of spindle function without the interference of 
extrafusal effects (Katz, 1949; Eyzaguirre, 1957, 1958; Henatsch & 
Schulte, 1958). Experiments were designed to test whether this differential . 
block could also be used in the mammalian preparation. On the whole 
these attempts were unsuccessful, since the margin between extra- and 
intrafusal neuromuscular block was too narrow to permit adequate working 
conditions, Extrafusal block was achieved by adding tubocurarine to the 
saline in concentrations of from 5 to 6 x 10~? (w/v). Intrafusal junctions 
remained unimpaired only for several minutes after extrafusal block. 
Lower doses of this substance failed to produce block in both types 
of junctions. Similar results were obtained with Flaxedil (gallamine 
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triethiodide; American Cyanamid Co.) in concentrations of 3 x 10-* (w/v), 
since several trials failed to reveal a clear selectiveaction. Better differential 
action was obtained with Metubine (dimethyl-tubocurarine iodide; Lilly) 
in concentrations of from 3 to 5 x 10-? (w/v). However, this drug had some 
effect on the intrafusal junctions at these concentrations, since at high 
frequency motor stimulation the sensory discharge rose rapidly to a peak 
and declined briefly afterwards while the preparation was still being stimu- 
lated. More troublesome was the fact that the differential action of 
Metubine was unpredictable. Thus, in some experiments a clear selective 
block was obtained, whereas in others results were doubtful. Larger doses 
of Metubine clearly blocked intrafusal junctions as well. | 
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Fig. 7. Effect of curare on intrafusal junctions. A, curare applied to the bath 
(1-2 x 10-*(w/v)) at arrow. Solid line (filled circles) shows the amplitude of the intra- 
fusal potentials +s.z.; broken line connects the points where the percentage of 
all-or-none failures of transmission was recorded (open circles), B illustrates an 
experiment in which two intrafusal potentials were simultaneously recorded; 
solid circles amplitude of intrafusal potentials +s.z.; open circles percentage of 
all-or-none failures of transmission. Upward arrow, local application of curare 
3x 10-* (w/v); downward arrow, preparation washed in fresh saline. 


In order to test the manner by which curare blocks intrafusal neuro- 
muscular transmission, spindles were located either by visual observation 
or by electrical exploration. Recording was accomplished in some experi- 


ments by keeping most of the muscle in saline while one end was lifted | 


into the oil. Under this condition tubocurarine was added to the bath. 
However, in most instances the position of the spindle was such that local 
application was necessary (see Methods). Figure 7A illustrates an instance 
in which tubocurarine 1-2 x 10-* (w/v) was applied to the bath. The 
amplitude of the intrafusal response fluctuated around 28 nV with fusi- 
motor stimulation at 1/sec. Several pictures were taken at each point in 
order to analyse the potential amplitude statistically. This was found 
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necessary because of base-line noise. During curarization potential ampli- 
tude did not change significantly for 49 min. After this period of time a 
sudden and significant drop in amplitude was observed. Potentials re- 
mained at this new level for 7 min but disappeared abruptly immediately 
afterwards (solid line). Washing the preparation in fresh saline restored 
transmission to normal levels (not illustrated). A second curve (broken 
line) shows the percentage of instances in which all-or-none failure of 
responses was recorded. A similar situation was present in another 
experiment in which curare was applied locally in concentrations of 
3 x 10-* (w/v) (Fig. 7B). Two distinct intrafusal potentials were recorded 
simultaneously. The larger one averaged about 60 nV while the other was 
of the order of 40 »V during fusimotor stimulation at 1/sec. Thirty-two 
minutes after the drug was applied (at upward arrow) the larger potential 
suffered a drop in amplitude while the smaller one did not. At this point 
both potentials failed to appear in 50°% of the cases. Four minutes later 
all intrafusal responses disappeared abruptly. After that period of time 
curare was replaced with fresh saline and the responses returned in 60 sec. 
The larger potential recovered to values intermediate between control 
responses and the first drop observed before its complete disappearance; 
the smaller recovered to normal values. The sensory discharges were 
controlled before and during application of curare in both experiments. 
Sensory acceleration during motor stimulation to the spindles disappeared 
during full curarization. It is evident from Fig. 7A and B that curare 
blocks intrafusal neuromuscular transmission either in stepwise or all-or- 
none fashion. Graded blocking effects have not been observed. This is true 
for any effective dose of the drug, since threshold curarizing doses of from 
1 to 2 x 10-* (w/v) produced similar effects. 

In several experiments physostigmine salicylate was applied either to 
the whole bath or locally in concentrations of from 5 x 10-7 (w/v) to 
3 x 10-* (w/v). This substance did not change the amplitude or time course 
_ of the intrafusal potential. However, it occasionally produced intrafusal 
repetitive responses after single or paired nerve shocks. Figure 8 A-C’ 
illustrates an experiment in which intrafusal repetitive responses were 
obtained after applying physostigmine 10~-* (w/v) for 35 min. Figure 8D 
and H shows the disappearance of repetitive responses once the stimulating 
frequency was increased to 10/sec. This observation means that when the 
intrafusal neuromuscular preparation is poisoned by the anticholinesterase, 
changes occur at the intrafusal neuromuscular junction which may fire the 
intrafusal fibres in an asynchronous manner. 

Eccles, Katz & Kuffler (1942) observed repetitive spikes in extrafusal 
muscle fibres after injecting physostigmine. Part of this effect was due to 
nerve discharges caused by an action of the drug on the motor nerve 
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endings. The intrafusal repetitive responses observed in this study could 
have been produced by a prolonged transmitter action or by asynchronous 
fusimotor discharges during physostigmine application. No attempt was 
made to elucidate this point. However, intrafusal repetitive discharges 
looked as if the intrafusal fibres were firing asynchronously, judging by 
their shorter time course as compared to that of the evoked intrafusal 
potential. This fact would indicate that repetitive firing was due to a long- 
lasting transmitter action. An effect of physostigmine on the motor nerve 
terminals would, more likely, produce synchronous repetitive discharges. 


Fig. 8. Effect of physostigmine on intrafusal potentials. Before A physostigmine 
10-* (w/v) was applied locally for 35 min. A, repetitive responses evoked by single 
fusimotor shock. B, effects produced by two fusimotor shocks closely spaced. 
C, same as B but faster time base. D and LH, blockage of repetitive responses 
during stimulation of the fusimotor fibre with one and two pulses respectively 
at a rate of 10/sec. HZ, voltage 20 ».V; F, time marker—10 msec for A,B, Dand EZ; | 
G, 1 msec for C. 


When intrafusal neuromuscular transmission was blocked by curare, 
application of physostigmine restored transmission in all-or-none fashion. 
In fact, in one experiment complete intrafusal neuromuscular block was 
obtained after local application of curare 10-* (w/v). Physostigmine in 
concentrations of 10-* (w/v) was then added and transmission was fully 
restored in 18 min. No transitional amplitude steps were observed in this 


DISCUSSION 


The main task of the present investigation was to learn whether the 
mammalian intrafusal potentials, first described by Kuffler et al. (1951), are 
propagated events, or whether intrafusal fibres give rise only to junctional 
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potentials as in the case of the ‘slow’ muscle system of the frog (Kuffler & 
Vaughan Williams, 1953a; Burke & Ginsborg, 1956). The present experi- 
mental evidence shows that the recorded intrafusal potentials are propa- 
gated. In fact, the intrafusal potential as herein recorded showed many of 
the characteristics of propagation in a volume conductor. More conclusive 
was the fact that curare blocked these responses in stepwise or all-or-none 
manner. In addition, physostigmine did not alter the amplitude or time 
course of these responses. These results eliminate the possibility that the 
recorded intrafusal potentials were exclusively localized at the intrafusal 
neuromuscular junction. In curarized spindles intrafusal junctional 
potentials were not recorded with the method employed. _ 

Boyd (1959) has suggested, on the basis of histological evidence, that 
‘slow’ fibres, similar to those found in amphibians, might occur in the 
mammalian spindle. In the present study no intrafusal responses have 
been detected which had the characteristics of ‘slow’ fibres. By analogy 
with the frog one would expect that mammalian ‘slow’ intrafusal junc- 
tional potentials would be considerably smaller than propagated responses 
produced by twitch intrafusal fibres. It is possible that the present 
recording system was not sensitive enough to detect such small potentials. 
An unequivocal answer should be obtained by recording intracellularly or 
close to the spindles with extracellular micro-electrodes. 

One might recall here embryological studies on the development of 
mammalian intrafusal bundles (Cuajunco, 1927, 1940). It seems that intra- 
fusal fibres develop from the same elements which eventually produce the 
ordinary muscle fibres. In the new-born animal the structure.of intra- and 
extrafusal fibres is similar except that intrafusal elements appear more 
immature. Later on this difference becomes more striking since extrafusal 
fibres continue to grow while their intrafusal counterparts do not. It is 
not surprising, therefore, that intrafusal fibres produce in the adult 
electric responses similar to those obtained from extrafusal fibres. How- 
ever, the fact that mammalian intrafusal bundles have an independent 
nerve supply in contrast to other species has yet to be accounted for, 

It is interesting to notice the lack of a clear differential blocking action 
to curariform agents of the mammalian intrafusal neuromuscular junc- 
tions. This contrasts with Katz’s (1949) original observation in amphibians. 
He suggested that the differential sensitivity to curare could be due to a 
higher safety factor because of a motor fibre making contact with a smaller 
muscle fibre. In mammals the intrafusal fibres are also smaller than extra- 
fusal ones, but a clear differential sensitivity is not obvious. It seems, there- 
fore, that other factors besides a diameter relationship play a part in — 
differential pharmacological sensitivities to curariform agents. At present 

it is difficult to envisage such factors since the function and submicroscopic 
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structure of the post-synaptic membrane of intrafusal junctions are to a 
large extent unknown. 

The action of physostigmine, duane repetitive intrafusal potentials, 
might be correlated with Hunt’s results in the intact animal (1952 and 
private communication). This author showed that injections of physo- 
stigmine increased the effectiveness of fusimotor activation on the afferent 
discharges. This effect was blocked by curare. It is possible that repetitive 
intrafusal responses, whether produced by a long-lasting transmitter action _ 
or by discharges originating in the nerve terminals, might give rise to 
stronger and longer-lasting intrafusal contractions, as it occurs in extra- 
fusal fibres. 

SUMMARY 


The electrical activity of mammalian intrafusal fibres was studied in 
the excised tenuissimus of the cat and the following was found: 

1. Intrafusal potentials recorded from the muscle surface during stimu- 
lation of single fusimotor fibres showed a potential sequence which is 
similar to that of propagated potentials recorded from a volume conductor. 

2. Methodical exploration of the muscle in millimetre steps permitted 
the location of.‘active’ regions during fusimotor activation. Such regions 
are probably the site of contracting intrafusal bundles. 

3. Fusimotor stimulation produced sometimes complex intrafusal 
potentials. This complexity is due, in part at least, to potentials originating 
from different spindles. Complex potentials were more frequently obtained 
if more than one fusimotor fibre was activated. 

4, When a single intrafusal fibre was stimulated with two shocks at 
varying intervals, the second potential disappeared abruptly when the 
interval was reduced to 0-7 msec. Also, the onset of the second potential 
was delayed if the intervals between shocks were less than 3-4 msec. 

5. Curare in doses of from 5x 10-7 (w/v) to 3x 10-* (w/v) blocked 
intrafusal potentials either in stepwise or all-or-none fashion. There is no 
clear differential sensitivity to curare, Flaxedil or Metubine between 
extra- and intrafusal junctions, 

6. Physostigmine in doses of from 5 x 10-7 (w/v) to 3 x 10-® (w/v) did 
not change the amplitude or time course of the intrafusal potentials. 
Occasionally, intrafusal repetitive responses were produced by this drug. 
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Stimulation of fusimotor fibres increases the frequency of spindle 
afferent discharges. Kuffler, Hunt & Quilliam (1951) and Hunt & Kuffler 
(1951) have shown that this effect is dependent on the frequency of efferent 
stimulation and on the initial resting tension. Also, the increase in sensory 
discharge, produced by efferent impulses, is characterized by a graded rise 
in frequency (facilitation). The time taken to reach peak frequency varies 
in different units. On cessation of motor stimulation the sensory dis- 
charges return to base-line levels either gradually or after an abrupt 
decrease in frequency (‘off effect’) which brings the discharge frequency 
temporarily to values below those existing before stimulation. 

Since an increase of sensory frequency elicited by stimulation of fusi- 
motor fibres is almost certainly produced by contraction of the intrafusal 
bundles, it is important to know how sensory frequency changes are 
related to intrafusal events. The latter may be schematically described in 
three main categories: (i) mode of activation of intrafusal muscle fibres, 
which recent experiments have shown to be through propagated action 
potentials (Eyzaguirre, 1960); (ii) contractile activity of intrafusal muscle 
fibres, of which little is known and (iii) the coupling of contractile events 
and stretch-deformation of the sensory nerve endings. 

In this study experiments were designed to analyse the relation between 
intrafusal potentials and sensory discharges occurring during fusimotor — 
stimulation. The results show that while sensory discharges reach a peak 
after a facilitation period the intrafusal potential amplitude remains un- 
changed throughout motor stimulation. Since it has not yet been possible 
to record intrafusal contraction directly, an indirect method was employed 
_ to compare the probable course of intra- and extrafusal contraction. 
Sensory frequency curves obtained during fusimotor stimulation were 
constructed and their time course compared with the time course of 
development of extrafusal muscular tension. These series suggested that, 
in general, intrafusal fibres are slower than extrafusal elements, in agree- 
_ment with a previous suggestion of Kuffler & Hunt (1950).- Frequency 
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changes obtained after withdrawing the motor stimulating pulses to the 
spindles were analysed and related to possible events occurring at the 
receptor level. 

METHODS 

In general the methods employed were similar to those presented in the previous paper 
(Eyzaguirre, 1960). However, in this study muscle tension was recorded; one end of the 
muscle was attached to a short pin connected to the plate of a RCA 5734 transducer tube 
while the other end was held rigidly. The natural frequency of the transducer system was 


about 1 ke/s. In all experiments the temperature of the bath was carefully controlled and it 
ranged between 37-5 and 38-0° C. 


RESULTS 
Relationship between intrafusal potential amplitude 
and sensory discharge facilitation : 

Kuffler e¢ al. (1951) found that the sensory discharge acceleration 
obtained during fusimotor activation showed marked facilitation. In 
other experiments they observed that intrafusal potentials showed no 
increment during repeated excitation, an observation which was confirmed 
and extended in the previous study (Eyzaguirre, 1960). A more detailed 
analysis of the sensory discharge facilitation and its possible relation with 
intrafusal potential amplitude was made by recording both events 
simultaneously. | 

Short strains of stimuli were delivered to the fusimotor fibres, the fre- 
quency of impulses within the trains ranging from 30 to 200/sec. ‘Figure 1 
illustrates one experiment in which four shocks at 100/sec were delivered 
to a single fusimotor fibre. Discharges of a single sensory fibre were 
recorded, and frequency curves were constructed and plotted against time. 
The reciprocal of the interval between two impulses was taken as the 
instantaneous rate and plotted in time half way between them. The upper 
part of Fig. 1 illustrates the afferent discharge acceleration obtained from 
five consecutive records. Fusimotor stimulation increased the sensory 
discharge frequency from 50 to about 95/sec, reaching a peak in 38 msec 
after the first shock and 8 msec after the last; after the peak frequency 
discharges reached base-line levels in about 100 msec. Intrafusal potential 
amplitudes recorded from fourteen observations are presented in the 
lower part of Fig. 1. The values obtained for the different intrafusal 
potentials within the trains are not significantly different. 7 

Figure 2 illustrates another experiment in which one or two fusimotor 
fibres to the same spindle were stimulated by axon reflex. The contracting 
intrafusal bundle could be seen near the surface of a very slender muscle. — 
The leading electrode was placed on top of this bundle while the other 
remained at the crushed end of the preparation. The sensory unit showed 
no discharge at the resting tension employed. A single nerve shock elicited 
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a single sensory discharge 8-6 msec after the onset of the intrafusal potential 
(Fig. 2A). Such a sensory response to a single fusimotor shock was un- 
common, since in most cases tetanic stimulation was necessary to elicit 


sensory acceleration. In Fig. 2B four pulses were delivered at 30/sec, 


which elicited three sensory discharges. In Fig. 2C seven shocks were 


applied at 50/sec and four sensory discharges ensued, presenting an 
approximate shock : discharge ratio of 2:1. In Fig. 2D and £ the stimulus 


100- 
80- 
70- 
5 60- 
15 


Time (msec) 

_ Fig. 1. Effect of fusimotor stimulation on sensory discharges and on intrafusal 
potentials. Four fusimotor shocks were delivered at 100/sec. Open circles 
illustrate the basal discharge frequency (broken line). Filled circles (solid line) 
show afferent frequency changes during intrafusal contraction in five consecutive 
observations. Arrows indicate the position in time of the shocks. The amplitude 
of intrafusal potentials after each shock is illustrated above the arrows together 
with two standard deviations of each observation. The potentials averaged 
+1-65s.p.; 149yV +£1-38s.p.; 144pV +1:265.p. and 14-1 
+1-99s.p. in this order. Lower ordinate, amplitude of intrafusal potentials; 
upper ordinate, sensory frequency per second. 


strength was increased; stimulation at 30 and 50/sec produced larger 
intrafusal potentials and a more efficient sensory acceleration. In fact, at 
these frequencies and at this stimulus strength, ‘driving’ of the sensory 
discharges is clearly seen, with little facilitation. However, it may be 
noticed in the illustration that the shock-sensory impulse latency of the 
first discharge in each train is longer than that of subsequent impulses. 
Also, the shock—discharge latencies of the first impulse in Fig. 2B and C 
are longer than those of Fig. 2D and FZ. Stimulation of an additional fusi- 
motor fibre (Fig. 2D and F) produced a larger intrafusal potential and a 
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more efficient sensory acceleration than stimulation of a single efferent 
fibre (Fig. 2B and C). The larger intrafusal potential must have been a 
complex formed by-two smaller components. The overlap and summation 
of two intrafusal potentials and the increased effect on the sensory dis- 
charge indicate that the two fusimotor fibres must have innervated the 
same spindle. 


Fig. 2. Relation between intrafusal potentials and increase in sensory frequency 
during intrafusal contraction; upper beam, sensory discharges recorded from 
single afferent fibre; lower beam, intrafusal potentials recorded from muscle; 
fusimotor fibres stimulated by axon reflex. A, B and C illustrate effects obtained 
by fusimotor stimulation at 1, 30 and 50/sec, respectively. D and E show effect | 
on sensory discharge and on intrafusal potentials at 30 and 50/sec, respectively, 
after increasing stimulus strength. Voltage, 100 ».V. Time marker, 10 msec for 
A and 20 msec for BZ. 


The experiments illustrated in Figs. 1 and 2 show that facilitation of the 
sensory discharge during fusimotor activity is dependent on mechanisms 
within the spindle other than those processes responsible for the intrafusal 
potential. This is shown by the fact that within a train the intrafusal 
responses are all of the same amplitude, while sensory discharges undergo 
marked facilitation. Furthermore, the experiment of Fig. 2 suggests that 
one of the factors responsible for rate of facilitation of the sensory dis- 
charge is the strength of the intrafusal contraction. 


Effect of fusimotor frequency of stimulation on 

sensory discharge facilitation 
It has been known for some time that sensory discharge facilitation is 
_ dependent on the initial resting tension and on the frequency of fusimotor 
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impulses (Kuffler et al. 1951; Hunt & Kuffler, 1951). The effect of changes 
in resting tension on sensory discharge facilitation was generally confirmed, 
but was not systematically studied. However, detailed information was 
obtained in a number of sensory units which were activated by fusimotor _ 
stimulation at different frequencies while the resting tension remained 
constant. Figure 3 shows the relation between stimulus frequency 
(abscissa) and increase in sensory discharge above the resting level (ordi- 
nate). Sensory discharges were recorded from four single afferent fibres 
(A, B, C, and D). Each point was determined by averaging the peak 
150° 


Increase (%) 


50 100 150 200 
Frequency of fusimotor stimulation 
Fig. 3. Effect of fusimotor frequency of stimulation on sensory discharge accelera- 
tion; four afferent fibres recorded in different experiments. Unit A had a basal 
discharge rate of 37-6/sec. Unit B discharged at 21/sec before stimulation; 
C base-line frequency 31-3/sec; D base-line frequency 19-9/sec. Abscissa, fre- 


quency of fusimotor stimulation; ordinate, percentage of sensory frequency 
increase over base-line levels. 


frequency (impulses/sec), ‘inultion being continued until after the peak 
frequency was reached. Between runs sufficient time was allowed for 
sensory discharges to become stabilized at base-line levels. It may be seen 
that the sensory discharge acceleration increased with the frequency of 
efferent stimulation. However, at certain frequencies of stimulation, some 
sensory fibres reached a ‘saturation’ point, as exemplified in the experi- 
ment illustrated in curve B. This unit showed an increase of 110% over 
base-line levels when the fusimotor fibre was stimulated at 50/sec and an 
increase of 123% when the frequency of fusimotor stimulation was raised 
to 200/sec. Units C and D would, presumably, have reached a similar 
plateau at higher frequencies of stimulation. 

The experiments just described suggest that at a given resting tension the - 
peak sensory frequency developed during fusimotor activity is related to 
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the frequency of the efferent impulses (see also Fig. 6). ‘Driving’ of the 
sensory discharges, as described in other muscles (Kuffler et al. 1951), was 
infrequently observed in this preparation. An example of this is provided 


_in Fig. 2D and # and in curve C of Fig. 3. In the latter experiment driving 


was established at efferent frequencies between 50 and 100/sec at the 
resting tension employed. At higher efferent frequencies this effect was 
not evident. 


A comparison of the facilitation period of sensory discharges during fusimotor 
activity and the time course of development of extrafusal tension 
Kuffler ef al. (1951) showed that sensory discharges reached a peak of 
facilitation, during motor spindle activation, some time after the onset of 
stimulation. This lapse of time has been called the facilitation period. 


The term facilitation period will be employed here as the lapse of time necessary for the 
sensory discharges to increase from base-line levels to a value of 70% of the sensory fre- 


_ quency peak obtained during fusimotor activity. This arbitrary value has been chosen 


because very often the constructed frequency curves were frankly asymptotic and the time > 
from the onset of stimulation to the frequency peak was difficult to determine. 


The facilitation period of sensory discharges during fusimotor activation — 
varied in different units. Some fibres reached 70% of the firing peak 
shortly after onset of stimulation, whereas others did so only after a 
relatively long. period of time. The time required to reach this value was 
dependent on the frequency of the efferent train. Some examples are 
illustrated in Fig. 4, in which the same units described in Fig. 3 are plotted. 
The abscissa represents the frequency of motor stimulation to the spindles 
and the ordinate the time required to reach 70% of the peak sensory 
frequency. It may be seen that in all units the higher the frequency of 
stimulation the shorter was the facilitation period. At low frequencies of 
stimulation the facilitation period was sometimes quite long; such a case 


- is illustrated in curve B of Fig. 4. Stimulation of the fusimotor fibre at 


10/sec accelerated the sensory discharge with a facilitation period of 1 sec. 
At 30/sec this time was shortened to 277 msec and at 50/sec the period of 
facilitation lasted for 202-6 msec. Units C and D had shorter facilitation 
periods than B. Thus, fusimotor stimulation at 30/sec produced a facilita- 
tion period of 51-2 msec in unit D. Stimulation at 50/sec determined a 
period of facilitation of 132-5 msec in unit C and of 16-3 msec in unit D. 
Fusimotor stimulation at 100/sec elicited a facilitation period which varied 
from 110 to 172-3 msec in unit A ; this period was of the order of 145-8 msec 
in unit B and lasted for 93-1 and 16-0 msec, respectively, in units C and D. 

Figure 4 shows that the several sensory units obtained from different 


preparations showed facilitation periods which were dependent on the 


frequency of fusimotor stimulation in spite of differences in individual 
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units. The effect of resting tension on the facilitation period of different — 


sensory units was not systematically studied. One would suspect, how- 
ever, that the initial tension, which influences the sensory discharge burst 
during motor spindle stimulation, must also influence the facilitation 
period. Such effect is clear in other species (Eyzaguirre, 1958). 


500- 
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Facilitation period (msec) 


20- 


> eD 


50 100 150 200 
Frequency of fusimotor stimulation 


Fig. 4. Facilitation period ot sensory discharges during fusimotor stimulation at 
different frequencies. Units also analysed in Fig. 3. Semi-log. scale. 


Since sensory discharge changes during spindle activation are in all 
probability the result of intrafusal contractile events, it would be of 
interest to compare intra- and extrafusal contractile changes. This study 
was handicapped by the lack of an adequate technique to measure intra- 
fusal contractions. Consequently, an indirect method was employed, 
namely, the use of the facilitation period as an index of the speed of intra- 
fusal contraction. This criterion, with some qualifications (see p. 193), is 
probably adequate, since the spindle output reflects events occurring after 
application of an external load (Matthews, 1931; Katz, 1950) and presum- 
ably intrafusal contractile changes. Muscle tension was recorded during 
maximal motor nerve stimulation to the tenuissimus (see Methods). The 
muscle resting tension was adjusted so as to produce maximal tension 
during single and repetitive nerve shocks. Frequency of stimulation 
ranged between 10 and 200/sec. Between runs a resting period of several 
minutes was allowed. 
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Figure 5 illustrates the effect of different frequencies of stimulation 
(abscissa) on the time required for the muscle tension to reach 70 % of its 
peak (ordinate) from three different experimeats. It may be seen that in 
all cases this time was shorter when the frequency of motor stimulation 
was higher. If one compares the values obtained in Fig. 4 with those of 
Fig. 5 it appears, in general, that intrafusal contraction (judged by sensory 
frequency curves) is slower than extrafusal tension changes. This is 
particularly striking in unit B of Fig. 4, where fusimotor stimulation at 
10/sec was associated with a facilitation period of 1 sec. This contrasts with 
extrafusal tension development, since in all muscles studied, at that 


50 100 150 200 

Frequency of motor stimulation 

Fig. 5. Effect of frequency of motor stimulation on the rate of extrafusal tension 
development; curves constructed from three different experiments. Resting 
tension in each case was adjusted to produce maximal contraction during single 
and repetitive nerve shocks. Abscissa, frequency of motor stimulation. Ordinate, 
time required to reach 70% of tension peak. 


frequency of stimulation, the contractions were not fused and individual 
twitch responses were recorded. Each twitch response had a time course 
of about 15 msec to 70% of its peak (see Discussion). The frequency 
changes of some sensory units, however, indicated that intrafusal con- 
tractile events could occasionally be faster than those of extrafusal fibres 
(see unit D in Fig. 4). 

The above bases for comparison between extra- and intrafusal elements 
are probably insufficient. They were used only to gain an approximate 
estimate of contractile events in both systems. The actual time courses of 
intra- and extrafusal contractile changes are likely to be different from 


values obtained from the sensory frequency curves and from muscle 
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tension changes. The mechanical coupling during intrafusal contractions is 
likely to be quite effective in producing stretch-deformation of the endings, 
as sensory discharge acceleration occurs during rapid application of an 
- external load (Katz, 1950). Furthermore, it is not known to what extent 
the dynamic effects of stretch may influence the sensory discharge fre- 
quency during the rise in intrafusal tension. The time course of the re- 
corded changes in extrafusal tension will also be influenced by series 
visco-elastic components. Hill (1949) has shown that mechanical changes 
in muscle start before tension changes are detected by conventional trans- 
ducers. This damping is probably quite appreciable in the tenuissimus, 
since all muscle elements are placed serially along the longitudinal axis. 
A more accurate estimate of intrafusal contractile changes should be 
obtained by recording tension directly from a contracting spindle. 


Sensory frequency changes after cessation of fusvmotor activation 

Kuffler et al. (1951) have reported that on cessation of stimulation of 
fusimotor fibres the accelerated spindle discharge may follow either one of 
two different patterns: (i) they may decrease gradually to the base-line 
level or (ii) they may abruptly fall to levels below the original base line 
and then return gradually to the previously existing resting frequency 
(‘off effect’). These authors also described post-excitatory facilitation in 
the form of sensory discharge frequencies above the base-line level after 
withdrawal of the stimulating pulses. At the same time they found 
phenomena resulting from the combination of these different situations. 
These observations were confirmed and extended in the present study. 


The ‘ off effect’ 

A complete cessation of sensory discharges occurring immediately after 
withdrawing fusimotor trains was observed only in relaxed preparations 
in which the basal discharge rate was low. More frequently a fall in 
frequency to a variable extent below the base-line frequency was obtained. 
Figure 6 illustrates an experiment in which discharges were recorded 
from a single afferent fibre. A single fusimotor fibre was stimulated at 
frequencies of 50 (A), 80 (B), 100 (C), 150 (D) and 200/sec (#), the duration 
of the stimulating trains being 4 sec in each case and the initial tension 
remaining constant. Between runs a resting period of about 2 min was 
allowed for the discharges to reach base-line levels. The basal frequency 
was about 30/sec. This illustration clearly shows that the frequency of 
sensory discharges reached higher levels with higher frequencies of fusimotor 
stimulation. Thus the frequency of sensory discharges increased only to 
39/sec when the fusimotor fibre was stimulated at 50/sec (A); the highest 
frequency peak was obtained when the spindle was activated at 200/sec (Z). 
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In this last case the sensory discharges reached 71/sec. The upper broken 
line links those points indicating the frequency at which the receptor was 
firing at the time of stimulation withdrawal. The lower broken line connects 
the points in each series representing minimal frequencies after stimulation. 
75 


Afferent frequency per second 


0. 0 10 Bd. 
Time (sec) 

Fig. 6. ‘Off effect’ produced at the end of fusimotor stimulation. Between upward 
and downward arrows a single fusimotor fibre was stimulated for 4 sec; between 
runs a resting period of 2 min was allowed. A stimulation at 50/sec; B at 80/sec; 
C at 100/sec; D at 150/sec; H at 200/sec. Upper broken line connects points indi- 
cating afferent frequency at the moment of stimulation withdrawal; lower broken 
line connects points of minimal sensory frequency. 


The experiment illustrated in Fig. 6 shows that the magnitude of the 
‘off effect’ is closely related to the frequency of the sensory discharges at 
the moment of stimulation withdrawal. The fall in frequency was not 
appreciably greater in relaxed than in stretched preparations. In the same 
experiment the initial tension ‘was reduced, resulting in a fall of the basal 
discharge frequency from 30 to 17/sec (not illustrated). Efferent stimu- 
ation similar to that applied in Fig. 6 B (80/sec for 4 sec) now caused the 
sensory discharge frequency to reach 33/sec by the end of the stimulating 
train, and to fall to a minimum of 11/sec after cessation of stimulation. 
This amounts to a fall in frequency of 22 impulses/sec, which is not signifi- 
cantly different from that observed in Fig. 6 B where a fall of 24 impulses/sec 
was recorded. With the muscle at the same reduced initial tension, complete 
cessation of sensory discharge followed fusimotor stimulation at 100/sec. 
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In general it was easier to obtain complete receptor silence after fusimotor 
stimulation when the preparation was under low initial tension. 

The observed ‘off effect’ may be explained by assuming that hyper- 
polarization of the sensory nerve endings occurs during intrafusal relaxa- 
tion. This effect would be similar to that obtained during sudden release 
of a stretched receptor organ (Katz, 1950; Eyzaguirre & Kuffler, 1955). If 
this is the case, it is reasonable to assume that hyperpolarization of the 


80- 


Sensory frequency per second 


02 04 0-6 08 1-0 
Time (sec) 
Fig. 7. Effect of fusimotor stimulation on sensory discharge frequency. A, filled 
circles show effect on sensory frequency produced by fusimotor activity at 50/sec; — 
upward arrow indicates onset of stimulation which was maintained for 1-3 sec. 
B, open circles illustrate decrease of sensory discharge frequency after withdrawing 
stimulation (downward arrow). 


sensory endings during abrupt relaxation of a contracting intrafusal 
bundle may cause the generator potential to fall below the firing level, as 
in the case of a receptor under little initial tension. If, on the other hand, 
intrafusal contraction occurs at a higher resting tension, hyperpolarization 
of the afferent terminals may not be sufficient to result in a fall of the 
generator potential below the firing level. Consequently only a slowing of 
the sensory discharges will be observed. Similar ‘off effects’ have been 


recorded after contraction of the twitch intrafusal system of amphibians. 


(Eyzaguirre, 1957, 1958). 
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In several experiments sensory frequency increased rather abruptly 
during fusimotor activation but fell gradually after withdrawing the stimu- 
lating pulses. Such an observation is illustrated in Fig. 7. The base-line 
discharge frequency of the receptor was about 35/sec. In A, a single fusi- 
motor fibre was stimulated at 50/sec (upward arrow) and stimulation was 
maintained for 1:3sec; sensory discharges reached a peak in 76 msec 
(filled circles). B illustrates the sensory discharge frequency after stimu- 
lation withdrawal (downward arrow); sensory discharge frequency reached 
base-line levels in 0-6 sec but continued to decrease for another 160 msec; 
at this point sensory frequency reached its maximal undershoot when the 
receptor discharged at 27/sec (open circles). The receptor recovered but the 
discharge reached base-line levels only after several seconds. This pro- 
longed and late depression following fusimotor activity was frequently 
observed when sensory discharges tapered off gently after intrafusal con- 
traction. It is difficult to explain this late effect, particularly when the 
sensory discharge increase at the onset of contraction showed a steep rising 
curve. In this case the presence of visco-elastic elements interposed be- 
tween the contractile component and the receptor cannot be the sole cause, 
since one would expect also a slowing down of the initial part of the 
frequency curve. 

DISCUSSION 

_ Qne of the principal aims of this study was an analysis of sensory dis- 

charge facilitation during fusimotor activity and its possible relation to 
intrafusal events. Facilitation cannot be attributed to changes in the 
mechanisms that elicit the intrafusal potentials. These potentials remain of 
constant amplitude during fusimotor activity while sensory discharges 
undergo marked facilitation. Several other factors could be responsible for 
the presence of facilitation, such as the strength and time course of intra- 
fusal contraction and the mechanical coupling of the sensory nerve endings 
with the contractile elements. 

The strength and the time course of intrafusal contraction must have — 
some influence in determining facilitation. The effect of strength of intra- 
fusal contraction is suggested in the experiment illustrated in Fig. 2. When 
more than one fusimotor fibre was stimulated the intrafusal potentials 
became larger and the latencies of individual sensory discharges during the 
fusimotor train shorter. Also, the increase in sensory discharge frequency 
was greater at higher stimulating frequenc'-:_ which would indicate that at 
higher efferent frequencies of stimulation stronger intrafusal contractions 
occurred, In addition, higher stimulating frequencies shortened the facili- 
tation period, an effect which is similar to changes in the rate of develop- 
ment of tension of extrafusal fibres during nerve stimulation. Consequently, 
one may assume that a shorter facilitation period means faster development 
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of tension in intrafusal fibres. It seems, however, that the facilitation 
period cannot be explained solely on the basis of development of intrafusal 
tension during fusimotor stimulation. This point is particularly well 
exemplified in an instance in which one fusimotor fibre was stimulated at 
10/sec and the resulting facilitation period lasted for about 1 sec (Fig. 4B). 
In this case it is difficult to envisage facilitation as produced only by 
intrafusal contractile events, especially if the intrafusal fibres produce 
_ propagated action potentials. Consequently other factors must play a 
part in the production of facilitation, such as the mechanical coupling of 
the sensory endings and intrafusal contractile components. However, at 
present there is so little direct information about stretch-deformation of 
the endings during intrafusal contraction that it is difficult to discuss the 
problem. In amphibians the sensory discharges elicited by activation of 
the twitch intrafusal fibres appear early after the onset of the intrafusal 
action potential, indicating that mechanical coupling does not introduce a 
significant delay in the onset of stretch-deformation of the endings 
(Eyzaguirre, 1957). But it is clear that this may not be the case in 
mammalian spindles. | 

A comparison of the time course of.sensory frequency curves and the 
rate of extrafusal tension development during repeated nerve stimulation 
seems to indicate that intrafusal fibres are, with some exceptions, generally 
slower than extrafusal ones. This observation agrees with a previous sug- 
gestion of Kuffler & Hunt (1950), based also on the discharge pattern 
obtained during fusimotor activity. 

Variations in the facilitation period following fusimotor stimulation in 
different sensory units could be due to several factors: (i) recording of 
‘discharges from fibres belonging to either Groups Ia or II, since it is 
known that they are connected to annulospiral or flower-spray endings 
respectively (Barker, 1948; Hunt, 1954); (ii) stimulation of different types 
of intrafusal muscle fibres and (iii) differences in mechanical coupling of 
nerve endings and contractile elements. The first possibility is unlikely, since 
Hunt (1954) has demonstrated that no significant variations in the response 


__. of these fibres to fusimotor stimulation occurred in a large sample of fibres. 


As to the second, Boyd (1959) has suggested, on the basis of histological 
evidence, that more than one type of intrafusal fibre occurs in compound 
spindles. However, intrafusal potentials recorded in these experiments 
behaved as propagated responses in all the cases studied, whether sensory 
frequency response to fusimotor stimulation showed a fast or a slow time 
course. It seems, therefore, that the variations observed in the different 
frequency curves cannot be attributed to the presence of ‘slow’ and ‘fast’ 
intrafusal fibres as is the case in amphibians (Eyzaguirre, 1957, 1958). One 
cannot exclude, however, the possibility that the speed of contraction of 
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different intrafusal fibres may vary in different spindles in a quantitative 
manner, The third possibility, differences in coupling, is likely to have 
some influence on facilitation, since some nerve endings could be engaged 
readily during intrafusal contraction, whereas in others, owing to a greater 
visco-elastic component linking the contractile process to the nerve termi- 
nal, a longer time may be required to produce stretch-deformation of the 
ending and hence a rise in sensory frequency. 


SUMMARY 


1. Intrafusal potentials were recorded simultaneously with sensory 
discharges from single afferent fibres during fusimotor activation at 
different frequencies. The intrafusal potential amplitude remained constant 
during stimulation while the sensory discharges showed appreciable 
facilitation. 

2. Stimulation of more than one fusimotor fibre produced larger intra- 
fusal potentials than stimulation of a single fusimotor fibre. This effect 
was accompanied by more effective sensory acceleration. 

3. The maximal sensory frequency obtained during fusimotor activity 
was dependent on the frequency of the efferent stimulation. 

4. Fusimotor activation produced an increase of sensory discharges 
after a period of facilitation. The period of facilitation was dependent on 
the frequency of the fusimotor impulses. 

5. The time required for extrafusal muscle tension to reach 70% of its 
peak during tetanic nerve stimulation was generally shorter than the time 
required by sensory units to reach 70% of the frequency peak curing 
fusimotor stimulation. 

6. On cessation of fusimotor stimulation the increased sensory dis- 
charges returned to base-line levels either gradually or abruptly (‘off 
effect’). In the latter instance the magnitude of the ‘off effect’ was 
related to the frequency of the sensory discharges at the moment of 
stimulation withdrawal. 


This work was supported by grant B 446 (C4) and by a Senior Research Fellowship SF- 260 
from the U.8. Public Health Service. 
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BARORECEPTOR REFLEXES IN NEW-BORN RABBITS 


By 8. E. DOWNING 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 5 August 1959) 


_ This paper describes an investigation of the baroreceptor reflexes from 
the carotid sinus and aortic arch in the new-born rabbit. Bauer (1939) 
concluded from measurement of the heart rate in rabbits that the depressor 
_ reflex was not activated during asphyxia until the 30th day from birth, 
and the carotid sinus reflex until the 40th day. He also stated that 
‘faradic stimulation of the depressor nerves and carotid sinus regions in 
rabbits produces a reflex inhibition of the heart as early as the 11th and 
14th days, respectively’. Both Bauer (1939) and Barcroft (1946) inferred 
from these and other observations in Bauer’s paper that the threshold pres- 
sures for the. baroreceptor reflexes were high, 65 mm Hg for the depressor 
and 80 mm Hg for the carotid sinus reflex; the normal blood pressure of a 
new-born rabbit did not reach these levels until several weeks from birth. 
The implication is that in the new-born rabbit the cardiovascular system 
is not under the control of the baroreceptors unless the blood pressure 
rises above the threshold levels quoted above. The object of the experi- 
ments now to be described was to determine by more direct methods | 
whether the baroreceptor reflexes are functioning in the rabbit during the 
first few days of life at the low arterial pressure which is then normally 
present. 
| METHODS | 

Observations were made on ‘seventeen adult, nine young (3-weeks-old or more, 0-2- 
1:0 kg body weight) and seventy-five new-born (0-15 days) rabbits, anaesthetized with 
pentobarbitone and/or urethane. Of the new-born rabbits fifty-five were given pento- 
barbitone (10-15 mg/kg intraperitoneally, supplemented with additional pentobarbitone as 
necessary), and the remainder received urethane (1-2 g/kg intraperitoneally). Older rabbits 
were given pentobarbitone (20-25 mg/kg intravenously) followed by urethane (1-2 g/kg 
subcutaneously), The trachea was cannulated. In most experiments rectal temperature 
was recorded by a thermocouple, and was maintained at 38 + 1° C by application of external 
heat as necessary. This was found to be particularly desirable in very young rabbits. 

Pressure changes applied to the carotid sinus. In new-born rabbits the left carotid sinus 
was isolated from the rest of the circulation. The cardiac end of the right or left common 
carotid artery was cannulated to record systemic blood pressure. The cephalic end of the 
left common carotid artery was connected by a polyethylene tube to a pressure bottle 
filled with saline and to a manometer. The left external carotid was tied, together with all 
branches of the common carotid above the polyethylene tube and the internal carotid distal 
to the sinus. Static and pulsatile pressures were applied to the carotid sinus. Pulsations were 
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generated by an armature, activated by an electromagnet, which compressed the soft plastic 
tube connecting the pressure bottle with the carotid sinus, at a frequency which was adjusted 
to about 180 cycles a minute. 

The Valsalva manoeuvre. The endotracheal pressure was raised for short periods of time 
in the following way. The tracheal cannula was attached to a T-tube through which a con- 
stant stream of air was passed from a roller-pump freely into the atmosphere. At any mo- 
ment this stream of air could be diverted through a glass tube immersed to a depth of 5, 
10 or 15 cm in water. 

Records of blood pressure and nerve action potentials. Single and multifibre preparations of 
the aortic depressor, carotid sinus and vagus nerves were made by conventional methods. 
The action potentials were amplified and displayed on a cathode-ray oscilloscope together 
with the arterial blood pressure, recorded from a polyethylene catheter in the cardiac end 
of the right carotid artery by a condenser manometer. When critically damped, the cathe- 
ter and manometer assembly used for observations on new-born rabbits had a frequency 
response of 120 c/s. No great difficulty was found in cannulating the carotid arteries of 
new-born rabbits under a binocular microscope ( x 16), with a cannula drawn out from a 
piece of polyethylene to have an external diameter at the tip of 0-78 mm and an internal 
diameter of 0-63 mm. Various nerves were stimulated with a constant-current rectangular 
pulse generator. 


RESULTS 
Blood pressure and heart rate of rabbits 0-15 days old 


The mean blood pressure of eight rabbits which were about 12 hr old 
was 36 mm Hg (Fig. 1). During the next 2 weeks the blood pressure rose 
by about 3 mm Hg a day. The heart rate also rose during the first few 
days after birth, from about 250 beats a minute to 330 or more by the 
fifth day from birth. There was no significant difference between rabbits 
anaesthetized with urethane or with pentobarbitone. 


_ Electrical stimulation of the depressor and carotid sinus nerves } and, of the 
peripheral end of the vagus 

- Maximal stimulation of the central end of the left ume: nerve of 
rabbits less than 6 days old, anaesthetized with pentobarbitone, caused 
a mean fall in blood pressure of 17 + 2-5(s.z.)% and in heart rate of 7 + 1-7 %. 
An example is shown in Fig. 2. In rabbits of the same age anaesthetized 
with urethane the mean fall in blood pressure (0-6 + 0-6 %) and heart rate 
(2+1%) were negligible. In rabbits 6-15 days old under urethane anaes- 
thesia stimulation of the left depressor nerve caused a significant fall in 
blood pressure (17+ 4%) and in heart rate (8-5+3%). Younger rabbits 
therefore seem very susceptible to urethane anaesthesia. 

Stimulation of the central end of the carotid sinus nerve of rabbits less 
than 6 days old caused two types of response similar to those described by 
Douglas & Schaumann (1956) in adult cats. With stimuli of 3-5 mA (at 
a frequency of 13/sec and duration 5:4 msec) there was an average rise of 
blood pressure of nearly 30%, a large increase in respiratory rate and some 
slowing of the heart. When the current was increased to 7-5 mA there 
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was sometimes a small fall in blood pressure and heart rate (7-10 %), 
but respiratory rate still doubled. It was thus sometimes possible to con- 
vert a pressor to a depressor response by increasing the strength of the 
stimulus. In contrast to the effects of depressor nerve stimulation, the 
response was not affected by the use of urethane in place of pentobarbitone. 
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6 8 
7 Days from birth | 
Fig. 1. Observations of heart rate (above) and mean arterial blood pressure 


(below) from sixty-two rabbits to show the changes during the first 2 weeks of 
life. The vertical lines represent the standard error of the mean. 


o 


Fig. 2. Rabbit 55 g, 12 hr old, pentobarbitone anaesthesia. Stimulation of the 
central end of the left depressor nerve during signal mark (continuous record). 


! 


204 S. ZH. DOWNING 


_ Stimulation of the peripheral end of one vagus nerve in fifteen new-born 
rabbits caused a mean fall in blood pressure of 45 °% and in heart rate of 
65%. There was no difference whether pentobarbitone or seinosouga were 
used for anaesthesia. 


Section of the depressor and carotid sinus nerves . 


In the following experiments blood pressure was recorded from the 
cardiac end of the right common carotid artery which was tied; the right 
carotid sinus nerve was intact. In rabbits less than 6 days old section of 
the right depressor nerve alone caused only a trivial rise in mean blood 
pressure. When the left depressor nerve was then cut there was a rapid 
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Fig. 3. Rabbit 78g, 3 days old, pentobarbitone anaesthesia. The left depressor nerve 
was cut at the signal mark (the right depressor had been cut previously). 


rise of 13+2-4% under pentobarbitone anaesthesia (Fig. 3), and of 
7+4-1% under urethane. But as in the adult this rise of pressure was not 
maintained; the pressure returned to its previous level during the next 
5-15 min. When the left carotid sinus nerve was cut, after section of both 
depressor nerves and when the pressure had returned to its initial level, 
there was a rise of 12 + 7% under pentobarbitone anaesthesia. Once again, 
after an interval of some minutes, the pressure returned to its initial level. 
There was no change of respiratory rate. There was little immediate change 
in the heart rate during any one of these manceuvres, though it usually 
increased by 15-20°% during the course of the whole experiment. 

In similar experiments on three adult rabbits, section of both depressor 
nerves and the left carotid sinus nerve caused a rise of blood pressure, which 
returned to its original level over a period of 15-20 min. There was only a 
small change in heart rate. 


_ Occlusion of the carotid arteries 


‘The right carotid artery was tied and the blood pressure was recorded 
from its cardiac end in rabbits less than 6 days old. Temporary occlusion 
of the left carotid caused a mean increase in arterial pressure of 19 + 4-5 °%, 
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under pentobarbitone, but of only 2-7 + 2-6% under urethane. There was 
no significant change in heart rate. After cutting both depressor nerves 
in rabbits under pentobarbitone there was still a rise of 17 + 5-9 °%, when 
the left carotid artery was occluded. But when the left carotid sinus 
nerve was also cut, the rise of pressure was reduced to 5+3-5%. This 
demonstrates that the rise of pressure on occlusion of the left carotid 
artery was mainly due to a reflex arising in the left carotid sinus, rather 
than to a rise of systemic resistance due to the mechanical interruption of 
flow up the left carotid. 
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Fig. 4. Rabbit 78 g, 4 days old, pentobarbitone anaesthesia. The left common caro- 

tid artery was occluded at the first signal mark (the external, internal and muscular 
branches had been tied previously), and was released at the second signal mark 

(continuous record). 


When the main carotid artery is occluded, the pressure in the carotid 
sinus does not fall to zero, because of anastomotic connexions with the 
rest of the circulation. In six rabbits less than 6 days old, under pento- 
barbitone anaesthesia, the left external and internal carotid arteries were 
tied, together with an occasional muscular branch. When the left common 
carotid artery was then occluded, the arterial blood pressure (recorded 
from the central end of the right carotid artery) rose by 235+ 85% 
(Fig. 4). This evidence also supports the view that the rise of systemic 
pressure is due to a carotid sinus reflex rather than to an increase in 
systemic arterial resistance, However, under these conditions the possi- 
bility of the response being due in part to activity of the carotid body 
chemoreceptors (because of anoxia from lack of blood) cannot be 
excluded. | 

Raising carotid sinus pressure 

In the following experiments blood pressure was recorded from the — 

cardiac end of the left or right common carotid artery. The cephalic end of 
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the left common carotid artery was connected to a manometer and pres- 
sure bottle filled with saline, so that the pressure in the left carotid sinus, 
isolated from the rest of the circulation (see Methods) could be varied. 
Nine experiments were carried out on rabbits from 12 hr to 9 days old. 
In every experiment raising the pressure in the left carotid sinus caused a 
significant fall in blood pressure; there was little change in heart rate 
(Fig. 5). When a static pressure of 30 or 40 mm Hg was applied to the 


Fig. 5. Rabbit 62g, 12hrold, pentobarbitone anaesthesia. Above, arterial 
blood pressure; below, pressure in the vascularly isolated left carotid sinus. 
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; , Pressure in carotid sinus (mm Hg) 
Fig. 6. Observations from nine new-born rabbits to show the fall in mean syste- 
mic blood pressure (%) at different pressures applied to the isolated left carotid 
sinus. The vertical lines represent the standard error of the mean. — 


carotid sinus, the fall in systemic arterial pressure was significantly less 
than when a pulsatile pressure of the same mean value was applied; at 
higher pressures no difference was observed. The-rise in pressure required 
was not large. Thus in one 6-day-old rabbit, raising the pressure in the left 
carotid sinus from 0 to 41/19mm Hg (pulsatile) caused the systemic 
arterial blood pressure to drop from 63/35 to 52/25 (fall in mean B.P. 
23%). When a static pressure of 30 mm Hg was applied to the sinus, 
arterial pressure only fell from 61/33 to 59/33. A positive correlation 
between the level of induced carotid sinus pressure and fall in systemic 


2 

~ 

4 

4 

mm Hg | 3 
a. 

25- | 
< 

+ 

0-1 sec 

POY 
| 
> 


BARORECEPTOR REFLEXES 207 


arterial pressure was observed (Fig. 6). While these changes are not large, 
it should be remembered that only one carotid sinus was being stimulated 
in these experiments. Denervation of the sinus in five animals completely 
abolished the response. 

The Valsalva test 

The characteristic cardiovascular response to a rapid elevation of endo- 
tracheal pressure (and hence intrapulmonary pressure) in the adult rabbit 
consists of a sharp fall in systemic arterial blood pressure followed by a 
gradual rise. When the endotracheal pressure is returned to atmospheric 
the blood pressure rapidly overshoots its initial level and thence slowly 
returns. In the adult rabbit the gradual rise in pressure during the Valsalva 
manoeuvre, and the overshoot, are dependent on the integrity of the baro- 
receptors (Joan C. Mott, unpublished). An example is shown in Fig. 7. 


Arterial B.P. (mm Hg) 


0-1 sec 


Fig. 7. Rabbit 625 g, 32 days old, urethane anaesthesia. The upper tracing shows 

_ the characteristic blood pressure response to rapid elevation of the endotracheal 
pressure to 15cm H,O (Valsalva manoeuvre). The lower tracing shows the 
response after cutting both depressor nerves. 


In only eight of twenty-one rabbits less than 15 days of age was the same 
sequence of arterial pressure changes clearly seen when the endotracheal 
pressure was raised and lowered. In the others the responses were equivocal. 
There was no obvious relation between age and the unequivocal demon- 
stration of these responses. In three out of six new-born rabbits which 
showed a positive response, cutting the depressor nerves greatly reduced 
or abolished both the rise in pressure during the Valsalva manoeuvre and 
the subsequent overshoot. 


res- 
1us 
ied a 
J ld 
ate 
the 4 
4 
q 
ars] 
SS 
d 
> 
oft 
8, 


208 S. E. DOWNING 


Baroreceptor nerve activity 


Multiple and single fibre preparations were made from the depressor 
and carotid sinus nerves in adult, young and new-born rabbits. In every 
animal multiple nerve activity synchronous with the pulse wave was 
recorded. It was more difficult to obtain good single-fibre preparations in 
new-born rabbits, as the nerves are so much more fragile. Figure 8a 
shows the record from a whole depressor nerve in a one-hour-old rabbit, 
and it is evident that there are numerous discharges coincident with the 
systolic pressure wave; the mean pressure was 33mm Hg. Figure 8) 
shows a typical multifibre preparation from the depressor nerve of a 


Arterial B.P. (mm Hg) 


Fig. 8. The upper record (a) shows the arterial blood pressure, and action 
potentials from the entire left depressor nerve of a 38 g, one-hour-old rabbit. The 
lower record (b) shows a typical multifibre prey from the depressor nerve 
of a 70g, rabbit. 


dees rabbit; the mean pressure was 50 mm Hg. Numerous prepara- 
tions of this type were obtained in rabbits 1 hr old and upwards. Figure 9 
shows single fibre baroreceptor discharges from the left depressor nerve 
of a 2-day-old rabbit, at different arterial pressures. In adult rabbits the 
arterial pressure was altered by haemorrhage or by transfusion of hepa- 
rinized blood; in the new-born rabbit it was raised by compression of the 
abdomen. In addition, new-born rabbits usually showed a variation in 
arterial pressure with breathing. In all instances the frequency of dis- 
charge increased with an increase in arterial pressure, and vice versa. 
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Fig. 9. Records of single baroreceptor discharges from the left depressor nerve 
of a 68 g, 2-day-old rabbit at four different blood pressures. In each record the 
arterial pulse is heavily damped and the mean pressure is indicated in mm Hg 
(upper trace); the middle trace shows the baroreceptor discharges, and the lower 
trace time. 


130 


afterial B.P. (mm Hg) 


Number of discharges per heart beat 
Fig. 10. Observations of single nerve fibre activity from the depressor nerve. The 
discharge frequency per heart beat of fourteen fibres from adult rabbits (QO), 
eleven fibres from young rabbits, 200-1000 g (0), and four fibres from new-born 
rabbits, < 2 weeks old (@), plotted against the mean arterial blood pressure. 
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Figure 10 shows the number of discharges in each heart beat plotted 
against mean blood pressure for a number of baroreceptor nerve fibre 
preparations in adult, young and new-born rabbits. It is evident that 
baroreceptor afferent nerve fibres can discharge at the low arterial pres- 
sure of a new-born rabbit. The observations also suggest that the threshold 
in older rabbits may be higher. 


DISCUSSION 


There is no doubt that the central and efferent mechanisms for actuation 
of the baroreceptor reflexes are present in the rabbit at birth. Electrical 
stimulation of the central ends of the depressor and carotid sinus nerves 
caused a fall of blood pressure and heart rate when pentobarbitone was 
used. as the anaesthetic. The afferent side of the reflexes was also studied 
in an attempt to obtain’a measure of the threshold pressures at which the 
reflexes were brought into operation. It proved more difficult to obtain | 
baroreceptor single-fibre preparations from the depressor and carotid 
sinus nerve in new-born rabbits than in adults. However, the observations 
on multi-fibre preparations clearly indicated that many afferent nerve 
fibres were discharging synchronously with each heart beat as early as 
1 hr. after birth. 

When both depressor nerves were cut in the new-born rabbit there was 
a rise of blood pressure. When the left carotid sinus nerve was then cut 
there was also a rise of blood pressure. These observations suggest that 
there was considerable afferent activity in the nerves before section. 
Mechanical stimulation of the central end of the depressor nerve at the 
time of section would have caused a fall of blood pressure. Mechanical 
stimulation of the carotid sinus nerve might have caused a rise of blood 
pressure, as does electrical stimulation with a low current, but it is im- 
probable that the rise would have lasted as long as was observed, and the 
increase in respiratory rate (usually seen during electrical stimulation of 
this nerve) was not present. There must, therefore, be tonic activity of the 
baroreceptor reflexes in the rabbit during the first few days after birth. 

It will be recalled that Schmidt (1932), Gernandt (1946) and Neil, 
Redwood & Schweitzer (1949) all found that in rabbits the depressor nerve 
does not contain chemoreceptor afferent nerve fibres. In none of the ex- 
periments quoted above can the results of section of the depressor nerve 
be attributed to anything but interruption of baroreceptor afferent nerve 
fibres. 

The effects of occlusion of the left carotid artery (the right having been 
tied previously) of the experiments on raising the pressure in the carotid 
sinus, and of the Valsalva manoeuvre all provide direct evidence that the 
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threshold of the baroreceptors is within the normal pressure range of the 
arterial pulse in a new-born rabbit. Once again, however, the changes in 
heart rate were very small. 

We now have to consider how it came about that Bauer (1939) and 
Barcroft (1946) came to the conclusion that the baroreceptor reflexes 
were not normally in action in the new-born rabbit. With the apparatus 
then available Bauer found it difficult to record the arterial pressure in 
new-born rabbits, and relied mainly upon the heart rate as an index of 
changes in the cardiovascular system. Barcroft wrote: ‘If the depressor 
reflex is present, ligature of the depressor will quicken the heart’. This 


may be true of the adult, but not of the new-born rabbit, in which there 


is a significant rise in blood pressure on section of the depressor nerves, but 
a negligible change in heart rate. Bauer’s paper shows falls of heart rate 
on stimulation of the depressor or carotid sinus nerve, of which the greatest 
is 33%. This is just a little more than the most I saw (29%) in forty 
rabbits 0-15 days old on maximal stimulation, but the mean fall in heart 
rate was only 9-5 + 2-7 (s.n.)°%. The change in blood pressure was con- 
siderably greater. All Bauer’s. observations were made under urethane 
anaesthesia, and, as compared with -pentobarbitone, this anaesthetic 
very much reduced the size of the response in the first 5 days after birth. 
Neither of these considerations alter the fact that Bauer observed a 
difference as between rabbits 21 days and 34-42 days old when the de- 
pressor nerves were cut during asphyxia. In the older rabbits there was an 
immediate increase in heart rate, which did not occur in the younger. 
However, his other observations show that the rise in blood pressure during 
asphyxia was greater in older than in young rabbits, so that the depressor ~ 
afferent activity would have been greater in the older. The fact that 
cutting the depressor nerves during asphyxia had no demonstrable action 
on the heart rate in the young rabbits does not necessarily mean that the 
depressor reflex was not in action either in asphyxia or in the normal 
animal. | 
Finally, there are other problems which will require further investiga- 
tion. During the first 5 days of life in rabbits the heart rate increases 
(Fig. 1). After several weeks of life the heart rate begins to decrease 
according to Bauer (1939). Throughout the whole of this period of time 
blood pressure is gradually rising. Bauer attributed the secondary fall in 
heart rate to the rise in blood pressure above the threshold of the depressor 
and carotid sinus reflexes. If these reflexes are active at birth, this explana- 
tion is no longer satisfactory. Another question concerns the sensitivity 
of the baroreceptors to transmural pressure. The evidence at present 
available (as in Fig. 10) would be consistent with the view that, with in- 


creasing age, the threshold mean arterial pressure required “ a 
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receptors increases. But there is no certainty that some unconscious 
selection was not at work (¢.g. that those fibres which survived the process 
of dissection had different characteristics from the mean). The problem © 
as to whether barosensory receptors change in sensitivity with increasing 
age, and so with increasing arterial pressure, may have to be examined in 
other ways. 


SUMMARY 


1, The aortic er and carotid sinus baroreceptor reflexes were 
studied in new-born rabbits. 

2. Electrical stimulation of the central end. of one ate nerve 
caused a 17% (mean) fall in blood pressure and a small reduction in heart 
rate. When one carotid sinus nerve was stimulated there was either a rise 
in blood pressure or a fall according to the strength of the stimulus. 
Stimulation of the distal vagus caused a slowing of the heart (65% mean) 
and a reduction in blood pressure (45° mean). 

3. When the depressor and carotid sinus nerves were cut there was arise — 
of blood pressure but very little change in heart rate. Occlusion of the 
carotid arteries caused a 19% (mean) increase in blood pressure. This was 
much reduced by cutting the carotid sinus nerve. 

4. Raising the pressure in one carotid sinus isolated from the rest of the 
circulation caused a fall in systemic blood pressure. Pulsatile pressures 
with mean values of 30 or 40 mm Hg produced a significantly greater 
response than non-pulsatile pressures. There was a positive correlation 
between the rise in carotid-sinus pressure and the percentage fall in systemic 
arterial blood pressure. _ 

5. As compared with pentobarbitone, urethane anaesthesia reduced 
or abolished baroreceptor reflex responses in rabbits less than 6 days old. 

6. Single and multifibre preparations of the depressor and carotid 
sinus nerves demonstrated activity ay norms with the pulse wave 
during the first few days of life. 

7. In the rabbit, during the first week after birth, the blood pressure is 
relatively low; nevertheless it was concluded that the baroreceptor 
reflexes are functional and maintain tonic activity. 


I wish to express my deep appreciation to Dr G. 8. Dawes for his advice and encourage- 
ment throughout this work, and to Mr M, Richings and Mr G. Smith for their technical as- 
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THE RECOVERY OF RESPONSIVENESS OF THE SENSORY 
SYNAPSES IN THE LATERAL GENICULATE NUCLEUS 
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From the Brain Research Unit, Department of Physiology, 
University of Sydney, Sydney, Australia 


(Received 12 August 1959) 


The normal ganglion-cell discharge from the retina consists of a brief high- 
frequency burst of impulses. The short refractory period and prolonged phase 
of supernormality in the recovery cycle of the optic nerve and tract fibres 
are properties well suited to handle such a discharge (Bishop, Jeremy & Lance, 
1953). The ganglion-cell discharge may, however, undergo important modifica- 


tion in the lateral geniculate nucleus before relay to the cerebral cortex. One 


of the most important factors determining such a modification is the nature 
of the recovery cycle of the synapses and neurones in the nucleus. A detailed 
account of the recovery of the geniculate synapse from the refractory state 
has already been published (Bishop & Evans, 1956). Recovery from refractori- 
ness in this nucleus is principally determined by the rate at which normal 
conduction ability returns in the presynaptic fibres. Slowed conduction in 
relatively refractory axons means that the absolutely refractory period of the 
synapse is greater the longer the effective presynaptic pathway. An upper 
value of 0:85 msec was set for the absolutely refractory period, with condition- 
ing and testing stimuli applied to the presynaptic pathway (optic tract) 
about 10mm from the lateral geniculate nucleus. The geniculate neurones 
were always capable of responding as soon as conduction became possible in 
optic tract fibres. By stimulation of the optic nerve and with spike height as 
an index, the relatively refractory periods of the presynaptic and post- 
synaptic spikes recorded in the lateral geniculate nucleus were 1-7 and 1-6 msec, 
respectively. Supernormal excitability on the part of the geniculate neurones 
commences while the optic nerve fibres are still relatively refractory. 

It is the aim of the present paper to describe the stages of the recovery 
cycle from refractoriness up till 5 sec after the discharge of the geniculate 
neurones. A re-examination of the results of Bishop & Evans (1956) shows 
that the early phase of supernormality referred to above extends from about 
* Ophthalmic Research Institute of Australia Fellow. 
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0-95 to 1-65 msec. The results given below show that the recovery cycle which 
follows this early stage then shows alternating periods of subnormal and 
supernormal responsiveness, each of increasing duration. These phases are 
examined in detail. Recovery after brief repetitive stimulation will be de- 
scribed in a subsequent paper together with an analysis of the relationship 
between recovery and the after-potentials of the geniculate neurones. The 
earlier work of G. H. Bishop & O’ Leary (1940), Marshall & Talbot (1940, 1941, 
1942), Talbot & Marshall (1941) and Marshall (1949) on the recovery of 
responsiveness of the geniculate neurones will be discussed in relation to our 
findings. 

Understanding of the fundamental properties of the spinal motoneurones 
and of the synapses associated with them is now much more complete than 
that of any other neurone type in the central nervous system. It is clear, 
however, that other neurone types and synaptic centres in the central nervous 
system have properties some of which diverge widely from those characteristic 
of the spinal motoneurone. For this reason it is important that attention 
should be directed towards the study of a variety of synaptic centres.’ The 
earlier paper of Bishop & Evans (1956) and the present study provide in- 
formation relating to the recovery properties of vases neurones and their 
associated synapses. 


METHODS 


Adult cats were used in all experiments, and were anaesthetized with intraperitoneal allobarbi- 
tone (Dial, Ciba, 0-5 ml./kg.). If necessary small amounts (totalling 0-3 ml.) of sodium pento- 
barbitone (Sagatal, May and Baker) were added intravenously. The cat’s body temperature, read 
with a rectal thermometer, was controlled within normal limits (38-39° C) with the aid of an 
electric heating blanket. The general methods used have been adequately described in previous 
communications from this laboratory (cf. particularly Bishop, Jeremy & Lance, 1953). The 
eyeball was resected and the optic nerve prepared for electrical stimulation by being suspended 
clear of orbital tissue. The response of the opposite lateral geniculate body was recorded by means 
of a stereotaxically directed steel micro-electrode introduced down through the intact cerebral 
cortex. The recording position was determined by electrolytically depositing iron from the tip 
of the micro-electrode by means of a current of 30-40 »A flowing for 15 sec; the brain was 


. .. Subsequently perfused, first with normal saline and then with 10% formalin saline containing 


1 g/100 ml. of potassium ferrocyanide. The blue spot at the recording site was found in serial 
histological sections after paraffin embedding. 


RESULTS 


The notation used for referring to the principal structures contributing to the 
wave form of the geniculate response following optic nerve stimulation is 
standard for this laboratory (cf. particularly Bishop & McLeod, 1954; Bishop & 
Evans, 1956). Ordinarily we use the term ‘contralateral t,’ to designate the 
group of tract fibres of larger diameter that have come from the contralateral 
optic nerve. Since only crossed: fibres have been used in this investigation 
the term ‘t,’ will be sufficient, and also with respect to the term ‘r,’ which 
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refers to the corresponding post-synaptic propagated discharge of the genicu- 
late neurones. Similarly the terms ‘t,’ and ‘r,’ will be used to refer respectively 
to the presynaptic and post-synaptic responses in the lateral geniculate 
nucleus associated with activity in the group of optic tract fibres of smaller 
diameter (Fig. 1, C.R.). The analysis of the wave form of the geniculate 
response and the method used for measuring it have been given in earlier 
publications (cf. particularly Bishop & Evans, 1956). 

The curve of recovery of responsiveness of the geniculate synapses following 
transmission was determined by applying a test volley to the synapses and 
progressively increasing the interval between conditioning and testing shocks 


Fig 1. Recovery of responsiveness of geniculate synapses folowing a maximal conditioning shock . 
applied to the contralateral optic nerve. C.R., conditioning response; t,, t,, presynaptic 
spikes; r,, f,, corresponding post-synaptic spikes. T.R., unconditioned test response, 47% 
maximal for t,. Remaining traces show conditioned test responses at shock intervals indi- 
cated in msec. Recording site was close to filled circle in outline drawing of parasagittal 
section of lateral geniculate nucleus; arrows indicate horizontal and vertical Horsley—Clarke 
planes. For details see text. 
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in the usual way. In carrying out this procedure and in assessing the results 
obtained a variety of factors had to be taken into consideration. It will be | 
convenient to discuss these factors first, before presenting the curve of 
recovery of responsiveness. While all these factors are of importance in this 
context, some are of technical interest only, whereas others also merit con- 
sideration because of the clues they provide to the organization of the lateral 


_geniculate nucleus. The detailed description of our results from the latter 


point of view will be reserved for a later publication. 


Factors assocvated with the conditioning response 
In order to test recovery processes it is important to ensure that the testing 
volley should only reach geniculate neurones that have been discharged by 
the conditioning volley. The conditioning shock was therefore made. supra- 


maximal for all the fibres in the optic nerve. It remained possible, however, 


that a maximal optic nerve volley might still have associated with it a fringe of 
subliminally excited geniculate neurones that could be brought to discharge 
only by a suitably timed second volley. Bishop & Evans (1956) have already . 
discussed this problem. From an analysis of the random fluctuations in the 
amplitude of the geniculate response to a constant afferent volley, they con- — 
cluded that the subliminal fringe associated with a smaller presynaptic volley 
is completely discharged by a larger independent volley. In other words, as 
the unconditioned presynaptic volley grows in amplitude with increasing 
shock strength the geniculate cells are progressively brought into the discharge 
with no ‘islands’ of subliminal fringe excitation remaining. Several other 
lines of evidence lend strong support for this view, namely: 

- The relationship between the amplitudes of the t, and r, spikes, normally and 
with conditioning. Curve (c) of Fig. 2 shows the normal unconditioned t,/r, 
relationship and the other curves show the relationship at the indicated times 
(4:2, 10-5 and 20-5 msec) after a conditioning volley maximal for t, and ty. 
It will be seen that, at the 4-2 msec interval, the increase in amplitude of 
the r, spike due to supernormal excitability on the part of the geniculate | 
neurones is independent of the amplitude of the r, response over practically 
the whole range of the afferent bombardment. The increase in the r, spike due 
to supernormal excitability is a measure of the size of the available subliminal 
fringe, since the latter determines the maximum facilitation that can occur 
with a test volley whatever the means used to obtain the facilitation. The fact 
that the amount of the facilitation is constant and independent of the ampli- 
tude of the r, spike indicates not only that the size of the subliminal fringe is 
constant, but also that the fringe associated with a smaller presynaptic volley 


is completely discharged by a larger independent volley. 


At an interval of 10-5 msec after the conditioning response (Fig. 2) the r, 
spike is reduced because the recovery cycle of the geniculate synapses has 
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now entered a prolonged phase of depression. Again, the amount of the de- 
pression is constant and independent of the amplitude of the r, spike. At an 
interval of 20-5 msec the depression of the r, spike has greatly increased being 
about maximal at this time (Fig. 3d). In all the curves in Fig. 2 the reduction 
in amplitude of the r, spike as the t, volley reaches a maximum is due to 
summation of the r, negativity with the prodromal positivity of the t, spike. 


mV 


0 05 

Fig. 2. Relationship between amplitude of presynaptic spike (t,) and post-synaptic spike (r,) 
in response to increasing stimulating shocks applied to the contralateral optic nerve. 
(C), normal control curve. Remaining curves show the relationship at times indicated in 
msec following a conditioning shock which was maximal for t, and t,. Abscissae (t,) and 
ordinates (r,) are given in millivolts. Recording site indicated by filled circle in outline 

drawing in Fig. 1. For details see text. 


- For this reason the plotting of the curves was stopped just short of a maximal 


t, volley. The change in slope of the curve at the 20-5 msec interval, when the 


_ amplitude of the t, volley falls below about 50° maximal, is due to the fact 


that the post-synaptic propagated discharge is now failing almost completely 
and the amplitude of the response comes to be determined very largely by the 
non-propagated synaptic potential. 
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Maximal conditioning and testing shocks. By using maximal conditioning 
and testing volleys the possibility of a ‘supra-maximal’ geniculate response 
was sought at nine recording sites in five preparations. Shock intervals 
between 3 and 5 msec were chosen to correspond with the peak of the late 
phase of increased synaptic responsiveness (see below). It is difficult to study 
the early phase of facilitation when using a maximal conditioning shock 
because the later stages of the conditioning response in the lateral geniculate 
nucleus interferes with the recording of the testing volley. The detailed analysis 
of these results will be published elsewhere. For our present purposes it will 


be sufficient to say that there was no indication that a fringe of subliminally 


excited neurones was available to the t, test volley under these circumstances; 
on eight of the nine occasions the r, spike was substantially reduced (by 
20-30%) and one one occasion it was unchanged. The behaviour of the r, spike 
was somewhat more complicated; it was usually unchanged (five occasions) 
once it was slightly reduced (to 85%) and on another occasion it could not be 
measured because of the superimposition of the r, and t, spikes. On the 
remaining two occasions the r, response was clearly increased in amplitude 
(125 and 142% respectively, normal =100%), the r, response being then 
reduced by an amount about the same as that by which the r, response was 
facilitated. Our explanation for the latter finding, based on a detailed analysis 
of the strength-response curves and on single unit recording (to be published 
elsewhere) is that there are occasional cells in the nucleus that are innervated 
both by t, and t, afferent fibres. In the present instance these cells were 
normally discharged only by the t, fibres, being subliminally excited by t, 
fibres. During the supernormal phase of recovery from discharge, however, 
the cells were then fired by the t, volley and were refractory to the t, volley. 


The important observation for the present paper is that, although there may 


be occasional cells in the nucleus that lie in the subliminal fringe of a maximal 
t, volley, they are nevertheless discharged by a volley maximal for t,. 
Post-tetanic potentiation. A study of the phenomenon of post-tetanic 
potentiation provides information regarding the size of the subliminal fringe 
about active geniculate neurones. With supramaximal conditioning and 
testing shocks the mean post-tetanic potentiation of the r, spike in five 
experiments was only 103% (normal = 100%); in only one experiment was 
there a significant increase (Bishop, Burke & Hayhow, 1959). It is interesting 
to note that with a submaximal testing shock the post-tetanic potentiation 
was 114%, which is about the same as the post-discharge supernormal 


_ Tesponsiveness reported in this paper. This finding presumably indicates that 


both phenomena are limited in the same way by the available subliminal 
fringe. 

All the above evidence indicates that a maximal optic nerve volley does not 
leave a fringe of subliminally excited neurones. A testing volley under these 
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circumstances must therefore only reach synapses and neurones that have © 
been discharged by the conditioning volley ; i.e. it tests post-discharge recovery 
processes and not subliminal excitation. 


Method used for expressing results 


The fact that the amount of the facilitation or depression is constant over 
almost the whole range of test volley size has another important consequence: 
it provides a way of comparing the degree of facilitation or depression from 
one experiment to another and so generalizing the results obtained. In this 
paper changes in post-synaptic responsiveness, both in the direction of facilita- 
tion and depression, are expressed as a percentage of a fixed r, amplitude, 
namely, the r, spike produced by an afferent volley which is 50% maximal 
for t,. The latter procedure was adopted because it is easy to determine the 
maximal amplitude of the t, spike, whereas the r, spike is affected by the 
appearance of the t, response. The relationship between the amplitudes of the 
t, and r, spikes was plotted in every experiment and the amplitude of the r, 
spike produced by a 50%, maximal t, spike could be read off from this graph 
(cf. Bishop & Evans, 1956). 


Factors associated with the test response 


Many of the factors which have to be considered in relation to the test 
response have already been discussed in an earlier paper (Bishop & Evans, 
1956). These include the selection of the recording site, the quantitative analysis 
of the wave form of the geniculate response, spontaneous fluctuations in the 
excitability of the geniculate neurones and effects of changes in the depth of 
theanaesthesia. Two factors constitute a special hazard, namely, the movement 
of the brain with respect to the micro-electrode and changes in the threshold 
for stimulation of the optic nerve. With regard to the former, when a suitable 
recording site was found it was usual to wait about half an hour before 
commencing the series of recordings, to allow the geniculate tissue to adapt — 
itself, mechanically and biologically, to the presence of the micro-electrode. 
_ Any movement is usually indicated by changes in the relative amplitudes of 
the t, and r, spikes. Plots of the t,/r, relationship both before and: after a 
particular recording series were usually carried out and compared (cf. Bishop 
& Evans, 1956). The main factor altering the stimulus threshold of the optic 
nerve was the shunting effect of the collection of tissue fluid. Usually the 
nerve can be suspended clear of orbital tissue in such away that this is not 
a problem and careful swabbing every 1-2 hr, or the installation of drainage, 
usually ensures that the threshold remains almost constant during the 
recording series. A large number of unconditioned test responses recorded 
throughout the recovery cycles provided a check on the constancy of the 
recording conditions. The interval between each sequence of conditioning 


a 
a 
4 
4 
q 
F 


ive 


RECOVERY CYCLE OF GENICULATE SYNAPSES 221 


and testing stimuli (5-10.sec) was chosen to avoid as far as possible any 
cumulative changes in excitability. The early phases of recovery, covering 
supernormality and early subnormality, were usually recorded twice for 
each cycle. 
Presynaptic excitability changes 

Using antidromic volleys in the optic nerve, Bishop, Jeremy & Lance 
(1953) have already studied the changes in the excitability of the optic tract 
fibres during recovery from discharge. By recording the optic tract volleys 
in the lateral geniculate nucleus, however, it is possible to obtain information 
about the properties of the fibre terminals. Details of the recovery of the 
fibre terminals from the refractory state have already been published (Bishop 
& Evans, 1956) and the later stages of the recovery process are reported here 
(see Table 1 and 2; Figs. 3a and 5a). The data given in Tables 1 and 2 were. 
obtained from eleven preparations in which a total of nineteen recovery cycles 
were analysed. Supernormality commences about 1-7 msec after discharge, 


TABLE 1 


t, amplitude Number of Mean : 
(% of maximal) cycles = superno mality 
(%) 


179 


8 
40-49 6 159 
50-59 3 139 
60-69 2 134 


reaches a peak at 4-6 msec and terminates at about 34 msec. Subnormality 
does not normally occur following a single conditioning volley. The time course 
of the phase of supernormality is very similar to that reported by Bishop 
Jeremy & Lance (1953) using antidromic stimulation and, like the r, spike, 
we found it to be independent of the amplitude of the t, volley. By contrast 
with the antidromic results, however, the amplitude of the response on the 
part of the fibre terminals showed a much greater increase during super- 
normality, having an average maximum of 151 % for a volley which was 50% 
maximal for t,. Between 110 and 120° was the value obtained by stimulating 
the optic tract and recording from the optic nerve. It is difficult, however, © 
to make a valid comparison between these results because of the difficulty 
in obtaining maximal stimulation of the whole optic tract by means of buried 
electrodes. It is probable, however, that, as far as supernormality is concerned, 
the fibre terminals do not differ from the portion of the axon in the optic 
tract. In one experiment bipole electrodes were placed in the optic tract 
between the chiasma and the nucleus. The recovery cycles of the tract fibres _ 
at that site were obtained by recording the antidromic volley from the nerve 
and the reverse procedure gave the recovery cycle of the optic nerve fibres. 
The maximum supernormality in the two instances was 118 and 153%, re- 
spectively, the orthodromic test volley in the latter instance being 49% 
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maximal for t,. Thus if different parts of the axon vary with respect to the — 
degree of supernormality it is the optic nerve on the one hand which differs 
from both the optic tract and fibre terminals on the other. This may, however, 
be a result of the preparation and general treatment of the optic nerve rather 
than a true physiological difference. 

It has been pointed out above that the amount of the facilitation of the r, 
spike during supernormality is constant with increasing volley size so that 
the percentage facilitation progressively declines. The same is true of the t, 
response (see Table 2) and this fact again enables us to compare the super- 
normality found in one experiment with that found in another by expressing 
the amount as a percentage of the amplitude of the tract spike which was 
50° maximal for t,. In order to test the validity of this method of comparison 
the mean supernormality found in seven recovery cycles in which the ampli- 
tude of the t, volley was close to 50% maximal (range 47-54, mean 50%) 
was compared with the mean supernormality in the remaining twelve recovery 
cycles, in which the amplitude of the t, volley fell outside this range (i.e. 32- 
62%). The former group has a mean actual supernormality of 149° while the 
latter had a mean calculated supernormality of 152%. The above details are 
interesting in relation to the organization of the lateral geniculate nucleus 
because they indicate that any given small sample of geniculate neurones is 
innervated by afferents having a wide and fairly smooth range of fibre 
diameters. Other evidence is available which points in the same direction 
(Bishop, 1959). 

Despite the fact that test shocks of constant strength are applied to the 
optic nerve, it is obvious that the corresponding volleys applied to the 
geniculate synapses undergo marked fluctuations during the recovery cycle. 
Marshall (1949) attempted to obtain constant test volleys by repeated 
adjustment of the intensity of the conditionitig shock. Unfortunately, under 
the experimental conditions it is very difficult to do this with any precision. 
In this study corrections were made after the experiment by using the graph 
of the unconditioned t,/r, relationship to obtain the r, spike that would be 
expected for any given amplitude of t, volley. Regarding the amplitude of 
the r, spike obtained in this way as the unconditioned post-synaptic spike, 
the amount of the facilitation or depression was then found by subtraction 
from the conditioned spike actually recorded. Plots of the t,/r, relationship 
were carried out before and after the recording of a particular recovery cycle 
and it was important to determine that, during the cycle itself, the regularly 
_ recorded unconditioned test response did fall on this t,/r, line. The amounts 
of facilitation or depression were then expressed as a percentage of tlie 
unconditioned r, spike produced by a presynaptic volley which was 50”, 

maximal for t,. 

Both methods of correction mentioned above assume that the changes 11 
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amplitude of the t, volley are due solely to fibres entering or leaving the re- 
sponse, the single spike in the response remaining unchanged. It is possible, 
however, that general and regional fluctuations, both of the membrane po- 
tential and of the time relations of the impulse, could lead to alterations in 
the amplitude of the t, spike without involving an increase or decrease of the 
number of fibres activated. That the latter effects can be neglected for the 
present purpose is indicated by the fact that, on nine occasions, the conditioned 


_ t, response was never increased and was not reduced by more than a few 


per cent when maximal conditioning and testing shocks were used. Any 
change in amplitude that occurs when submaximal shocks are used is, therefore, 
due almost entirely to fibres entering or leaving the response. As was pointed 
out above, the results can be expressed in a way that is independent of changes — 
in the amplitude of the unconditioned r, response. 


The early supernormal phases 
_ The results of a typical experiment are shown in Figs. 1, 2 and 3; these 
were all obtained from the same preparation. The tip of the micro-electrode 
was located in layer A (Thuma, 1928) at approximately the anteroposterior 


_ and mediolateral mid point of the lateral geniculate nucleus (1-5 mm from the 


medial edge and 2-8 mm from the anterior pole; Fig. 1). The traces shown in 
Fig. 1 were selected from those used in the preparation of Fig. 3a, c and d. 
The conditioning response (C.R. Fig. 1) was maximal for t, and t, while the 
test response (T.R.) was 47 %/, maximal for t,. The t,/r, graph shown in Fig. 3) 
was obtained immediately before the recording of the recovery cycle (Fig. 3a, 
c and d). The t,, r, values of the mean unconditioned test response obtained 
during the recovery cycle are indicated by the arrow (Fig. 3b). Some hours 
later the traces used in the preparation of Fig. 2 were recorded but, in the 
interval, a very slight movement of the micro-electrode had occurred so that 
graph C of Fig. 2 is not comparable to Fig. 3b. The recording site was then 
labelled by deposition of iron from the micro-electrode (Fig. 1). 

With a maximal conditioning volley (C.R. Fig. 1) the presence of the r, 
spike made about 2-5 msec the least shock interval at which a measurement 
of the test response could be made. Graph (a) of Fig. 3 shows the time course 
of the supernormality of the presynaptic fibres. Graph (c) shows the time 
course of the recovery cycle of the post-synaptic spike, uncorrected for changes 
in t,, from about 2-5 msec until recovery is complete. Unconditioned test 
responses were recorded before every conditioning-testing sequence and the 
changes in the conditioned r, spike have been expressed in graph (c) simply 
as a percentage of the corresponding unconditioned spike. In graph (d) the 
measurements of the conditioned r, spike have been corrected for changes in 


the t, volley and then plotted as a percentage of the r, spike produced by a 


presynaptic volley that was 50°% maximal for t,. When plotting commenced, 
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supernormality was already present and persisted for a shock interval of 
8-6 msec. 

Of the total of eighteen recovery cycles recorded from ten cats, fourteen 
clearly showed this late phase of supernormality, one returned cnly to normal 
and the remaining three approached normality before the onset of the phase 
of deep subnormality. Taking all these experiments into account the peak of 


10 50 100 ee 5 

msec sec 

Fig. 3. Curves of recovery of responsiveness of geniculate synapses following a maximal con- 
ditioning shock applied to the contralateral optic nerve. Responses in Fig. 1 were selected 
from those used for above curves. Curve (a), recovery of presynaptic spike (t,). Curve (5), 
relationship between amplitudes of presynaptic and post-synaptic spikes in response to 
increasing afferent stimulation; open circle indicated by arrow shows mean unconditioned 
test response obtained during recovery cycle. Curves (c) and (d), recovery of post-synaptic 
spike, uncorrected (c) and corrected (d) for presynaptic excitability changes. Abscissae 
(log-scale) are common to graphs a, c and d. For details see text. 
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supernormality had a mean corrected value of 113% at a shock interval of 
4-7 msec. Details of both the corrected and uncorrected recovery cycles are 
given in Table 2. The fact that conduction velocity recovered to normal at 
a shock interval of about 1 msec (cf. Graham & Lorente de Né, 1938) means 
that the shock intervals given in the table can be translated directly into 
response intervals without significant error. It will be seen that, owing to 
the prolonged increase in the t, volley, the supernormality in the uncorrected 
recovery cycles had a mean value of 181% and persisted for « shock interval 
of 9-9 msec. 

Shock intervals between recovery from absolute refractoriness (about 
0-8 msec) up till 2-5 msec cannot be studied by using a maximal conditioning 


_ volley (see above). Bishop & Evans (1956) have, however, studied this interval 


by using a conditioning volley that was usually just submaximal for t,. They 
pointed out that supernormality on the part of the r, spike began before the 
return to normal of the t, spike at about 1-7 msec. There was clearly an early 
phase of supernormality that could not be accounted for by changes in the 
size of the t, volley. Using Bishop & Evans’s data we have now defined this 
phase of supernormality by means of a systematic correction for changes in 
the t, volley (Fig. 4). Six preparations provided data which were suitable for 
this detailed analysis and the results are set out in Table 2. Supernormality 
commenced at 0-95 msec (mean shock interval), reached a peak of 114% at 
1-14 msec, and terminated at 1:66 msec. An early peak of supernormality 
round about 1 msec was present in all the six preparations examined. Un- 
fortunately, with the smaller conditioning volley the longest shock intervals 
used by Bishop & Evans were generally less than 3 msec, so that there was 
only a relatively small overlap between their recovery cycles and those 
reported in this paper. 

Figure 5A and B shows the corresponding presynaptic and post-synaptic 
recovery cycles, respectively, with shock intervals up to 10 msec, the phases. 
being recorded successively at the same site in the nucleus. The two phases of 
supernormality of the r, spike are seen to be separated by a phase of relative 
subnormality at about 2 msec. In recording this cycle the conditioning shock 
was just submaximal for t, with shock intervals up to 2 msec, and thereafter 
it was made maximal for t, and t,. The early phase of supernormality ends 
at about the same time as the conditioned t, and r, spikes regain their un- 
conditioned amplitude (cf. Bishop & Evans, 1956). That the two phases of 
supernormality can be distinguished may, therefore, be due to the fact that 
the conditioned test volley is increasing rapidly in amplitude during the first — 
2-3 msec, whereas it remains relatively constant during the subsequent 
5 msec (Fig. 5A). The early phase is, therefore, one of relative supernormality 
only, whereas the later phase is one of true supernormality because both the 


conditioned t, and r, spikes are actually larger than normal. 
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The values given are mean values, the range of variation being given in brackets. Shock intervals are in milliseconds except where re 


” 4. Recovery of responsiveness of geniculate synapses during first 3 msec after a son lie 
shock, 90% maximal for t,, applied to contralateral optic nerve. Test stimulus 31% maximal 
for t,. (a) Post-synaptic spike recovery curve corrected for changes in the t, spike due to 
relative refractoriness and subsequent supernormality. (b) Superimposed geniculate responses 
(10 traces each). C.R., conditioning response, T.R., test response, unconditioned and con- 
ditioned at a shock interval of 1-3 msec. 
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A further complication is introduced by reason of the fact that, during the 
early phase, the conditioning shock was necessarily always only maximal for 
t, (or just submaximal) whereas, with one exception, it was always made 

maximal for both t, and t, throughout the remainder of the recovery cycle. 


A 460+ 


0 2 4 6 8 10 
msec 
Fig. 5. Recovery of responsiveness of presynaptic (A) and post-synaptic (B) spikes. Conditioning 
shock applied to contralateral optic nerve just submaximal for t, at shock intervals up to 
2 mseo and thereafter maximal for both t, and t,. Post-synaptic recovery curve corrected 
for presynaptic excitability changes. For details see text. 


Qn the one occasion when a conditioning shock maximal for t, only was used 
throughout the whole recovery cycle there was no clear separation between — 
the two phases. On another occasion, however, when the wave form of the 
conditioning response (maximal for both t, and t,) allowed measurements to 
be made at shock intervals as early as 2 msec, there was a clear indication of 
an intervening’ phase of relative subnormality. 

It is interesting to note that in the case of unit repetitive firing in the lateral 
geniculate nucleus the least spike interval is about 0-8 msec (unpublished 
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observations). The preferred intervals for repetitive firing, as indicated by the 
response obtained from cell populations (Bishop, Jeremy & McLeod, 1953), 
may also be a function of the phases of supernormality described above. 


The subnormal phase | 


Immediately following the late phase of supernormality, at a shock interval 
of about 6-7 msec, the curve of recovery of responsiveness crosses sharply 
to a phase of deep and prolonged subnormality (Fig. 3d). Mean values for 
the various portions of the curve of recovery from depression are given in 
Table 3. Maximum depression (32 °%) is reached at a shock interval of 19 msec, 
and thereafter the r, spike recovers, at first rapidly and then increasingly 
slowly. In all the curves there is evidence of a two-stage recovery process 
with a change of slope or ‘knee’ occurring at a shock interval of about 220 msec, 
when the response is about 87% recovered. Though it is not very marked, 
this change of slope can be seen in Fig. 3d. The second stage of recovery takes 
about a further 1-8 sec to overcome the remaining 13% of depression. 

In the four recovery cycles in which shock intervals much beyond 2 sec 
were used there was evidence of a further phase of supernormal responsiveness 
having a peak at about 3-8 sec and ending at about 5 sec (Fig. 3d). Further 
work will have to be done in order to describe this late phase more adequately. 
The possibility of further fluctuations in responsiveness beyond about 5 sec 
was not examined. 

Electrode position in the lateral geniculate nucleus did not seem to be an 
important factor in determining the form and time course of the recovery 
cycle. In fact recovery cycles recorded at different positions in the one 
preparation were closely similar. Depth of anaesthesia is probably a much 
more important variable. Animals were always as lightly anaesthetized as 
possible but in one preparation the effect of the intravenous administration 
of 0-5 ml. of Sagatal was studied. The drug caused a reduction in the peak 
supernormality of the t, spike and at the same time, an increase in the peak 
supernormality of the r, spike. It is unlikely that this increase in r, super- 


_ normality is due to a change in the available subliminal fringe because the 


t,/r, graph remained unaltered. Further work will have to be done to elucidate 
the effect of the anaesthetic. 


DISCUSSION 


The idea that both the parts of the neurone involved in synaptic transmission, — 
and the transmission process as a whole, would be found to have properties 
which would resemble, qualitatively at least, those of the axon has long been 
an obvious working hypothesis (cf. Gasser, 1939). It was early found that the 
synapses in sympathetic ganglia have a classical recovery cycle which involves 


an early phase of supernormality and a late phase of depression (Eccles, 1935; 
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Lloyd, 19396) and a:good.correlation was obtamed between the orthodromic 
récovery cycle arid the ganglion after-potentials (Lloyd, 1939a). 

By stimulating the posterior longitudinal bundle and adjacent tracts in the 
brain stem and recording the internal rectus muscle action potential Lorente 
de Né (1935) estimated the absolutely refractory period of the oculomoto- 
‘neuroné ‘Synapses to be 0-6 msec ‘A maximal muscle action potential was 
taken as an indication that the oculomotoneurone pool was being maximally 
discharged by the presynaptic volley. Bishop & Evans (1956) have already 
pointed out that an important correction is necessary by reason of slowed 
conduction in the relatively refractory presynaptic fibres. Another difficulty, 
however, remains. Lorente de No’s Fig, 2 shows that at a shock interval of 
1:45 msec the test muscle response was approximately recovered to normal. 
Nevertheless, the recovery cycle of oculomotoneurones studied by Lorente 
de Né & Graham (1938) with antidromic conditioning and orthodromic testing 
volleys showed no evidence of this early phase of rapid recovery to near nor- 
mality. Instead, absolute refractoriness was followed only by a prolonged 
phase of gradually lessening depression. Subsequent investigations of the 
recovery cycle of spinal motoneurones with the same method of conditioning 


and testing (Brooks, Downman & Eccles, 1950a; Lloyd, 1951) have revealed 


absolute refractoriness:to be succeeded directly by a brief phase of increasing 
depression with a minimum at 10-20 msec and thereafter gradual recovery to 
normal at about 100 msec. Any early phase of lessening depression or frank 
facilitation has been attributed to a failure of the antidromic conditioning 
volley. to entet the motoneurone cell body (see later). In considering Lorente 
de Né’s early findings ‘regarding the.tefractory period of oculomotoneurone 
synapses (Lorente de N6, 1935), the possibility of multiple innervation of 
individual internal rectus muscle fibre has to be considered (Hunt & Kuffler, 
1954), A maximum muscle action potential need not necessarily mimpente a 
maximal discharge of the oculomotoneurone. pool. 


G. H. Bishop & O’Leary (1940), Marshall &. Talbot (1940, 1941) ae Talbot 


& Marshall (1941) made early observations on the recovery cycle of lateral 
geniculate neurones. Under the conditions inj which these early experiments 
were done no account was taken of presynaptic excitability change and post- 
discharge supernormality was not distinguished from facilitation by summation 
of subliminal excitation. Later Marshall & Talbot (1942) and Marshall (1949) 
attempted to offset presynaptic excitability changes by adjusting the strength 
of the testing shock. Marshall (1949)-concluded that, for shock intervals 
up to 10-12 msec, refractoriness’ and supernormality occur and that the 
| succeeding phase of depression lasted up to 5 sec. Marshall’s supernormal 
phase lasted rather longer than we have found, presumably because it includes 
the summation of subliminal excitation-as well as true post-discharge super- 
—— The main (late) phase of oe reported in this paper 
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lasted for shock intervals up to 11-3 msec (mean 6-7) with a peak at a mean 
shock interval of 4-7 msec. The succeeding depression was maximal at a shock 
interval of 19 msec and thereafter recovery proceeded relatively rapidly up 
to 87 % of normal at 220 msec and then very much more slowly until normality 
was achieved at 2 sec. Recently Vastola (1959) studied the recovery cycle of 
geniculate neurones, using both antidromic conditioning and testing volleys. 
The antidromic cell body spike recovers nearly to its control height by 6 msec 


and then enters a prolonged phase of depression. Vastola’s Fig. 7 shows the 


latter to be maximal at 20-30 msec and recovery to be complete between 
100 and 150 msec. 

The recovery of transmission in a synaptic system will depend, in a complex 
way, upon the diverse recovery processes in its individual parts, only one of 
which is the cell body of the post-synaptic neurone. One of the difficulties 
in determining the pattern of recovery in the individual parts of the neurone 


. is that of assigning electrical activity to histological structure. Unfortunately, 


we still know relatively little about the properties of dendrites. The many 
factors which determine the nature of the recovery cycle of the synaptic 
system may be briefly reviewed. 

The recovery cycle of the cell body will depend upon the way in which 
excitability is tested, i.e. whether by an orthodromic or antidromic volley 
or by direct stimulation with implanted electrodes. The recovery of the 
synapse as a functional whole, on the other hand, can only be tested by 
conditioning and testing volleys both of which are orthodromic and which 
also traverse the same presynaptic pathway (homosynaptic testing). The use 
of an orthodromic volley in this way is limited by the recovery processes in 
the presynaptic pathway and tests excitability changes in the post-synaptic 
neurone only within the limits fixed by the number and arrangement of the 


active presynaptic endings. By making the conditioning volley subliminal 


for a post-synaptic discharge it is possible to study subliminal fringe facilita- 
tion without the complication of post-discharge recovery processes (Lloyd, 
1946), It is practically impossible to do this in the lateral geniculate nucleus 
under normal circumstances (Bishop & Evans, 1956; Bishop, Burke & Davis, 


1958). In order to study post-discharge recovery processes to the exclusion 


of subliminal fringe facilitation it is necessary to make the conditioning 
volley supramaximal for all the neurones within the subliminal fringe of the 
test. volley. While this situation can probably be achieved in the lateral 
geniculate preparation it is apparently not possible in the case of the moto- 
neurone pools in the spinal cord. In the latter situation also the use of a 
large conditioning shock introduces the additional complication of inter- 
neurone activity. Interneurone activity leading to prolonged synaptic bom- 
bardment also makes the flexor reflex pathways much less satisfactory for 
studying the recovery cycle of motoneurone synapses than the monosynaptic 
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pathway. For these reasons few systematic studies have been made of the 
recovery of excitability of motoneurones following orthodromic activation 
(Lorente de Né, 1935; Bernhard, 1947; Brooks, Downman & Kccles, 1950): 
Eccles & Rall, 1951) and in particular relatively little information is available 
about the early part of the recovery cycle of motoneurone synapses in the 
first few milliseconds, when refractoriness is subsiding and the later stages of 
recovery are commencing. In so far as it is possible to exclude subliminal 
fringe facilitation, the orthodromic recovery cycle of motoneurones resembles 
the antidromic recovery cycle described above fairly closely except in two 
respects, namely (1) almost complete suppression of reflex discharge during 
the first 30-60 msec (Brooks et al. 19506; Eccles & Rall, 1951), and (2) a 
greatly prolonged depression that may not approach normality for several 
seconds (Eccles & Rall, 1951; Jefferson & Schlapp, 1953; Lloyd & Wilson, 
1957). The prolonged depression at intervals beyond 100-200 msec is, therefore, 
probably presynaptic in origin. A comparison of the antidromic recovery 


cycle of lateral geniculate neurones (Vastola, 1959) with the orthodromic © 
cycle that we have reported here shows that the late prolonged phase of — 


depression is presynaptic in origin. 


The recovery of transmission at the synapse may also be tested by applying 


the testing orthodromic volley in different afferent fibres from the conditioning 
volley (heterosynaptic testing). This method, which is not practicable in the 
geniculate preparation, tests recovery of excitability in the post-synaptic 
neurone without the limitation imposed by recovery in the afferent pathway, 
but unfortunately subliminal fringe facilitation effects again obscure post- 
discharge recovery processes. Even with test intervals longer than the 
survival time of the synaptic facilitation process the recovery cycle may still 
be complicated by the prolonged depression that may occur, even when the 
conditioning orthodromic volley is reflexly subliminal (Brooks et al. 19500). 

Changes in the quantity of transmitter substance released during recovery 
tay be a factor, though relatively little information is available in this regard. 
Apparently there is little change following a single orthodromic volley and 
post-activation potentiation of release such as occurs at the frog neuromuscular 
junction (Hutter, 1952) does not occur at either the motoneurone synapses 
(Brooks et al. 19506; Brock, Coombs & Eccles, 1952) or geniculate synapses 
(Bishop et al. 1958). Marked changes probably occur, however, following 
repetitive stimulation (cf. Bishop et al. 1959). Another factor is the possible 
persistence of the excitatory action of the transmitter substance either because 
of the persistence of the transmitter substance itself (cf. Eccles, Fatt & 
Koketsu, 1954), or, despite the removal of the transmitter substance, the 
continued presence of a synaptic depolarization (i.e. synaptic potential) on 
parts of the post-synaptic membrane (e.g. dendrites) not invaded by a con- 
ducted impulse. This possibility will be briefly discussed below. 
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As far as the recovery of the post-synaptic neurone is concerned the use of 
an antidromic volley for conditioning avoids some of the difficulties associated 
with an orthodromic volley, but unfortunately introduces additional complica- 
tions (Eecles, 1955). Antidromic impulses may not invade the cell body, the 
block being presumed to occur at either of two sites, namely, at the junction 
of the axon with the initial segment, or at that of the latter with the cell 
body itself (Brock, Coombs & Eccles, 1953; Frank & Fuortes, 1955; Fuortes, 
Frank & Becker, 1957). By antidromic testing the absolutely refractory period 
of the initial segment of the motoneurone is found to be 1-25-1-45 msec or 
0-9-1-2 msec, depending upon whether or not the conditioning impulse invaded 
the cell body. If the cell body discharges it lengthens the refractory period 
of the initial segment (Brock et al. 1953; Fuortes et al. 1957). The absolutely 
refractory period of the motoneurone cell body ranges from 2-5 to 50 msec. 

Studies involving the antidromic activation of motor axons have also brought 
to light the importance of the axon collateral-Renshaw cell mechanism in 
determining the excitability of the cell and hence the nature of the recovery 
cycle following activation whether by antidromic or orthodromic volleys. 
Both antidromic (and therefore orthodromic) inhibition and facilitation may 
occur (Renshaw, 1941). By recording intracellularly from the motoneurone 
Eccles e¢ al. (1954) have related antidromic inhibition to the discharge of 
interneurones (Renshaw cells), activated by motor-axon collaterals and, in 
turn, discharging on to motoneurones. The latency of the inhibitory effect at 
the motoneurone, judged by the onset of hyperpolarization, is about 1-2 msec 
after the arrival of the impulses at the region of branching of the collateral 
from the main motor axon. After orthodromic activation it would follow 
the initial segment discharge with very little added latency. Antidromic 
inhibition reaches a maximum 3-10 msec later and has a total duration of 
about 40-50 msec. Brooks & Wilson (1959) have shown the marked contri- 


_ bution that recurrent inhibition makes to the depression in the motoneurone 


recovery cycle. 
Antidromic or aaa facilitation has not received much attention, but 


recently Wilson (1959) has shown that the latency of the facilitatory effect 


seems to be longer than that of antidromic inhibition by approximately 
1 msec, suggesting the presence of at least one more synaptic delay. A related 
phenomenon, which at present lacks a satisfactory explanation, is the re- 
current efferent discharge that may occur in a few motor axons following 
antidromic impulses in the same axons (Renshaw, 1941). When allowance is 
made for conduction time, the departure of the recurrent discharge follows 
about 0-9 msec after the arrival of the antidromic impulse at the motoneurone. 
It is evident that immediately after antidromic activation some motoneurones 
pass through a state of increased excitability which is, however, rapidly 
superseded by the characteristic prolonged phase of depression.- A similar 
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recurrent discharge has been observed in the lateral geniculate nucleus (Bishop, 
Burke & Davis—unpublished observations). , 

O’Leary (1940) has described recurrent collaterals from axons of some of 
the largest cells in the lateral geniculate nucleus but makes note of their 
relative scarcity. Recently Vastola (1959) considered that the available 
‘evidence was against the possibility that recurrent inhibition of the Renshaw- 
ell type by means of collaterals from the axons of principal cells occurred in 
the lateral geniculate nucleus. A mechanism of this kind has, however, been 
postulated as the basis of the repetitive firing that is a common feature of the 
geniculate discharge (Bishop, Jeremy & Lance, 1953). | 

Of the greatest importance in determining the recovery cycle of the synapse 
are the after-potentials of the cell body and to a minor extent the after- 
potentials of the initial segment and post-synaptic axon. A full discussion 
of the after-potentials of geniculate neurones in relation to the recovery 
cycle of the synapses will be reserved for a later paper (cf. Vastola, 1957, 
1959). Following either orthodromic or antidromic activation of geniculate 
neurones the cell body spike is followed by a brief after-negativity which 
at about 7 msec reverses to a long-lasting deep after-positivity having a 
duration of 50-120 msec. There is good agreement between the time courses 


of these after-potentials and the phases of supernormality and the early part 


-of the phase of subnormality described in this paper. 

Both negative and positive after-potentials occur in the motoneurone cell 
body following the spike discharge. Very little attention has been paid to the 
negative aiter-potential but measurement of published intracellular records 
indicates that it only occasionally has a post-spike duration of more than 
about:2 msec. It rapidly decays to a large positive after-potential that reaches 
a maximum after 10-15 msec and has a duration of about 100 msec (Brock 
et al, 1952). The recovery cycle of motoneurones described above diverges 
widely from the curve that is to be expected from the after-potentials, since 
there is no phase of supernormality to correspond with the negative after- 
potential. There, is, however, a phase of. relative supernormality between 
refractoriness and subnormality that is attributable to the negative after- 
potential (Brooks et al. 1950a, 6). By intracellular recording Brock et al. 
(1953) demonstrated re-invasion of a cell body by an antidromic impulse 


during a brief interval (3-6 msec): following refractoriness and before the 


onset of depression. The negative after-potential in this instance did not 
reverse to positivity until about 6 msec. Fuortes et al. (1957) have confirmed 
this by direct stimulation of the motoneurone cell body with an intracellular 
electrode. They found that excitability approached resting threshold with a 
brief peak between 2-3 msec after the commencement of an antidromic cell 
body spike. The absence of a phase of supernormality in the recovery cycle 
of motoneurone synapses probably has a complex origin—prolonged relative 


— 


2 


« >> fe 

* 

2 

4 
ve 


RECOVERY CYCLE OF GENICULATE SYNAPSES 235 


refractoriness, brief negative after-potential, recurrent Renshaw inhibition and 
weak presynaptic drive. Relative refractoriness may continue for up to 
9 msec (Brock et cl. 1953). 

Supernormality in the recovery cycle of lateral geniculate synapses is 
probably the result of a brief relatively refractory period, a more pronounced 
negative after-potential, very strong presynaptic drive and possibly the 
absence of Renshaw-type recurrent inhibition. An additional explanation 
seems to be required to account for the early phase of supernormality at 
stimulus intervals between 0-95 and 1-7 msec, and two possibilities may be 


put forward. (1) There is much evidence (cf. Edwards & Ottoson, 1958) 


which indicates that the post-synaptic spike is generated in the initial segment. 
It is possible that the cell body spike may persist for a brief interval after the 
spike in the initial segment sufficient to provide a powerful catelectrotonic 


effect upon the latter. Brooks e al. (1950a)-have put forward a similar. _ 


explanation to account for the recurrent discharge in motor axons. (2) Frey- 
gang (1958) and similar unpublished observations from this laboratory provide 
evidence which suggests that, while most of the post-synaptic membrane may 
be excited synaptically to produce a post-synaptic potential, the dendritic. 
membrane and possibly also part of the cell body membrane are not excited 
electrically and do not produce a propagating spike. The persistence of the 
post-synaptic potential in these regions would lower the threshold of the 
remainder of the cell body and of the initial segment. The absence of the 
earlier phase of supernormality in the antidromic recovery cycle (Vastola, 
1959) is in keeping with this suggestion. One difficulty with both explanations 
given above is the fact that, initially at least, the catelectrotonus would have 
a depressive effect by lengthening the refractory period of the initial segment 
(Blair & Erlanger, 1933). 3 

- The emphasis in this paper has been on the lateral geniculate nucleus as 
providing an opportunity for studying the properties of sensory neurones and 
sensory synapses. The part these properties play in the visual process has 
been ably discussed by Marshall & Talbot (1942). 


SUMMARY 


1. By electrical stimulation of the optic nerve the recovery of responsive- 
ness of the synapses in the lateral geniculate nucleus has been studied from 
the termination of absolute refractoriness up to shock intervals of about 5 sec. 
The conditioning stimulus was usually maximal for both groups of fibres in 
the optic nerve and the test response varied between 32 and 62% maximal 


for the more rapidly conducting group of fibres. Two major difficulties were 


(i) exclusion of summation of subliminal fringe excitation, and (ii) correction 
for changes in excitability in the optic nerve at the site of stimulation. 


of 
> 
n 
1é 4 
3€ 
r- 
n 
? 
a 
} ll § 
18 
n 
e 
T- 
nh 
T- 4 
d 
7 
e 
ot 
ar 
a 
le 


236 P.O. BISHOP AND R. DAVIS — 


2. The organization of the subliminal fringe was studied. The relationship 
between the amplitudes of the presynaptic spike (t,) and the post-synaptic 


spike (r,) with increasing shocks applied to the optic nerve, both without and | 


with prior conditioning, show that only a small fringe of subliminally excited 
neurones is present in the nucleus. The fact that, with conditioning, the amount 
of the facilitation or depression is independent of the amplitude of the r, spike 
over a wide range of afferent bombardments indicates that the subliminal 
fringe associated with a smaller presynaptic volley is completely discharged 
by a larger independent volley. From using maximal conditioning and testing 
shocks it was concluded that a maximal optic nerve volley does not normally 
have associated with it a fringe of subliminally excited neurones. Analysis of 
the random fluctuations in the excitability of geniculate neurones and of the 
phenomenon of post-tetanic potentiation provides evidence in keeping with 
this description of the organization of the subliminal fringe. 

3. In order to provide the recovering synapses with the equivalent of 
constant afferent test volley, corrections were applied to offset changes in 
excitability of the optic nerve at the site of stimulation by reference to the 
graph relating the amplitudes of the unconditioned presynaptic and post- 
synaptic spikes taken over a sufficiently wide range of afferent stimulation. 
The degree of facilitation or depression of the post-synaptic spike during 
recovery from discharge can be expressed in a way that is independent of 
the amplitude of the presynaptic spike. 

4. The geniculate neurones respond normally as soon as conduction becomes 
possible in presynaptic fibres. At shock intervals between 0-95 and 1-65 msec, 
while the optic nerve axons are recovering from refractoriness the geniculate 
neurones pass through a brief phase of relative supernormality (114°). When 
the optic tract axons have regained normal responsiveness (1-7 msec) the 
geniculate neurones may be slightly subnormal. 

5. The. early phase of relative supernormality is followed by a late phase 
of true supernormality with a peak (113°) at a mean shock interval of 4:7 msec 
and ending at 6-7 msec. 

6. The succeeding phase of depression was maximal at a mean shock interval 
of 19 msec (32%). At this time synaptic transmission through the nucleus 
was largely blocked. Thereafter recovery proceeded relatively rapidly up to 
87 % of normal at 220 msec and then very much more slowly until normality 
was achieved at 2 sec. This two-stage recovery from depression was always 
present. 

7. There may be a further phase of supernormal responsiveness having a 
peak at about 3-8 sec and ending at about 5 sec. 
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given by the technical staff of the Physiology Department, particularly Mr J. Stephens, Mr D. Lar- 
nach and Mr B. McGee, and we wish to express our thanks to Miss J. Kearsey for considerable 
secretarial assistance. 
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FOETAL HEAT PRODUCTION IN THE FOWL 
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The embryonic heat production in homoeothermic animals, particularly 
mammals, is insufficiently known. On account of technical difficulties. 
it is nearly impossible to estimate the metabolic activity of the mammalian. 
foetus by direct calorimetry and all available data have been obtained 
by determining the respiratory metabolism. Brody (1938) calculated the 
embryonic heat production by comparing the total heat production of. | 
pregnant animals (rat, cow, horse, sheep and pig) with that of the non- 
pregnant, and the same technique has been used by Murlin (1908) in 
the dog, by Pommerenke, Haney & Meek (1930) in the rabbit and by | 
Carpenter & Murlin (1911), Sandiford, Wheeler & Boothby (1931) and 
Root & Root (1923) in man. 

In more recent experiments, such as the work of Barcroft (1946), the. 
respiratory activity of the foetal lamb has been determined by gas analysis 
of the umbilical blood. The investigations of Barron & Meshia (1954)’ 
should also be mentioned, since they afford an excellent review of the 
problem at the present time. 

In birds, the foetal heat production may be determined by putting the) 
incubated egg into a respiration chamber and measuring the oxygen 
uptake and carbon dioxide output. Indirect calorimetry of the fowl’s. 
embryo has been carried out by several investigators; the older work has. 
been extensively reviewed by Needham (1931). With a modern technique 
Romijn & Lokhorst (1951) determined the respiratory metabolism of the 
avian embryo continuously over the whole period of incubation; the 
recent literature ‘on the subject was summarized by these authors. 

Direct calorimetry was carried out by the Scandinavian investigators 
Bohr & Hasselbalch (1903), with incubated eggs, during a limited period 
of incubation, unfortunately not in combination with respirometry; and 
Needham (1931), discussing the problem of energy sources during embryonic 
development, wrote: ‘Nothing would be more welcome than a reqeter:” 
mination of the heat-production curve of the chick embryo’. 

Barott (1937), investigating the influence of several factors on 
the hatchability of hen’s eggs, was the first who determined the heat 
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elimination of incubated eggs with a respiration calorimeter (closed system) 
over nearly the whole period of incubation. On account of the relatively 
low sensitivity of his apparatus, however, his results underline the 
difficulty in getting reliable figures on the metabolic activity during the 
first days of incubation. Moreover, the use of not less than about 90 eggs 
per experiment introduced the possibility of getting wrong results owing 
to embryonic death in one or more eggs during the experiment. The curious 
fact should be mentioned that Barott did not compare the figures on 
heat production, obtained by indirect calorimetry, with those obtained 
by direct measurement. 

It was the purpose of our investigation to measure the O, uptake and 
CO, production as well as the heat elimination of a single incubated egg 
during the whole incubation period, without any interruption. The ad- 
vantage of using one egg lies in the possibility of comparing the heat 
production measured with that calculated, and of getting more reliable 
figures on the respiratory and the thermal ieee of the developing 
embryo. 


METHODS 


A irati lorimeter has been constructed for the determination of embryonic heai 
production i in a single incubated egg during the whole period of incubation. The calorimeter 
is based on the gradient principle. Gradient calorimeters for investigation of metabolic 
activity in man have been developed by Benzinger & Kitzinger (1949), and a more simple 


apparatus adapted for measurements on small domestic animals by Prouty, Barrett & 


Hardy (1949). Our subject, the developing chicken embryo, needs special precautions 
with the equipment, as there must be a carefully maintained incubation temperature of the 
calorimeter vessel and ventilation adequately adapted to the oxygen need on each day of 
incubation. The calorimeter vessel consists of a thin-walled cylindrical vessel of copper 
(Fig. 1, a) with a total volume of about 150 ml., isolated from a larger, outer copper vessel 
(b) by a layer of down (gradient layer). The calorimeter vessel contains the incubated egg (Z) 


., and a heating element (r) of constantan wire of accurately known resistance. A thermocouple 


4 


(c ) the is fitted to the wall of the vessel and a current from a 6 V battery 
is adjusted at the beginning of the experiment to such a strength that a heat production of 
about 3700 cal/24 hr is reached, corresponding with the heat production of a full-term chicken 
embryo, Turning the egg can be performed by turning the whole calorimeter vessel inside 
the water-bath (Fig. 1), without interfering with the measurements. 

The temperature of the water-bath is then adjusted to such a level that the temperature 
inside the calorimeter vessel corresponds with the incubation temperature of 37-7° C. 
In our experimental conditions a gradient of 3-3° C between the vessels a and b was necessary 
to realize this requirement. The correct temperature of the calorimeter chamber can be 
checked by switching the thermocouple th, against a ‘cold junction’ (th,) which is kept at a 
constant temperature of 37-7° C in another water-bath. The galvanometer (@) should main- 
tain its zero position. We used a ‘Multiflex’ galvanometer of high sensitivity, in which 
the light beam falls on a photo-electric cell of differential type (F) to provide automatic 
compensation for the increase in embryonic heat production. The photo-electric e.m-f. 
is amplified by an electronic amplifier (Brown) and brings a servomotor (S.M.) into action. 
The motor is connected to a helipotentiometer (H) by which the total resistance in the 
circuit of the heating element (r) can be altered till the decreased heating current balances 
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out the increased heat production of the embryo. The light spot of the galvanometer then 
returns to its original zero position and the servo mechanism stops. Embryonic heat dis- 
sipation can be calculated at any moment by reading the number of milliamperes in the 
heating wire, calculating the corresponding heat by Joule’s formula and subtracting this 
figure from the original number of calorics at the beginning of the experiment. An additional 
advantage of automatic compensation lies in the fact that a small decrease in voltage of the | 
battery is compensated automatically and that a linearity between heat dissipation and 
galvanometer deflexion is not absolutely necessary. An accurate reading of the current 
strength could be performed by measuring the voltage drop across a fixed resistance in the 
circuit. 


F Ampl. S.M. 


RARE Pot. meter 


Fig. 1. Respiration calorimeter for measuring heat production and heat elimina- 
tion of the bird’s embryo. a, inner wall of calorimeter chamber; b, outer wall of 
calorimeter chamber ; h, humidifier; r, heating element; th, thermocouples; H, vari- 
able resistance (helipotentiometer). 


The ventilation of the calorimeter chamber is established by a small pump (P), sucking 
an air stream through the vessel and the flowmeter (F!.). The ventilation was adjusted to 
2 1./hr during the first week, 4 1./hr during the second week and 6 |./hr during the third week 
of incubation. Fresh outdoor air enters at i, is warmed up to 34-4° C in the water-bath and — 
brought to a known tension of water vapour in the vessel h before entering the respiration 
chamber. After leaving the calorimeter the air is dried in the vessel dr, before entering the 
gas analyser (Diaf.) for continuous recording of the CO, surplus and QO, deficit in comparison 
with outdoor air. Details of the improved gas analysis and calculation of results in metabolic 
experiments have been published by Romijn & Lokhorst (1959). 

The evaporative heat loss of the egg can be calculated from the increase in weight of the 
vessel dr, after subtracting the amount of water in the incoming air, which is a constant in 
case of complete saturation at 34-4° C or zero in the.case of drying before entry to the respira- 
tion vessel. The heat loss of the calorimeter content by convection can be calculated from the 
amount of ventilating air, its specific heat at 37-7° C, and the assumption that this air will 
be warmed up from 34:4 to 37:7° C. 
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Calibration of the apparatus, particularly with respect to direct calorimetry, has been 
performed by putting into the calorimeter an unfertilized egg with artificial embryo, as has 
been described by Romijn & Lokhorst (1956). The amount of heat produced by this egg can 
be adjusted to any desired level and compared with the decrease in calorie elimination of the 
heating element r in the compensating device. The result of this calibration has been sum- 
marized in Table 1, which shows the very close agreement of both figures. The sensitivity of 
the calorimeter could be calculated as about 3 mV/cal/sec. The galvanometer sensitivity 
being 1 mm deflexion for 0-6 »V therefore enables the compensation of a calorie elimination 
as low as 17 calories/24 hr. 


TaBLeE 1. Calibration of the calorimeter with an ‘artificial embryo’ 
cal/24 hr, eliminated by Decrease in 


. heat elimination 
Heating element Artificial § of heating element 
(r) 


embryo (cal) 
3714 0 0 
3645 82 69 
3405 311 309 
3244 500 470 
3170 §50 544 
3050 686 664 
2800 939 914 
2512 1232 1202 

RESULTS 


Some twenty experiments have been performed wie, eggs of Blue North 
Holland hens and of White Leghorns. In nearly all experiments the chicken 
embryo came to full development in the small incubator and hatching 
occurred as far as there was room available. The humidity of the ventila- 
ting air was adjusted to levels varying over a wide range, and as the tension 


of water vapour appeared to be of influence on the results further work on 


the effect of this factor is being carried out. In the present paper the 
results will be given for experiments with outdoor air without drying or 
humidifying beforehand. The relative humidity of the air in the respira- 
tion calorimeter varied therefore from 10 to 28%. 

As an example, the figures obtained with an egg from a Blue North 
Holland hen will be given (Table 2 and Fig. 2). From Table 2 and Fig. 2 
the conclusion may be drawn that in general the heat dissipation of the 
developing chicken embryo is in accordance with the heat production 
calculated from aerobic metabolism even during the first days of incuba- 
tion. Bohr & Hasselbalch (1903) mention a heat absorption during the 
first days of incubation; and though nar (t 929) gives a possible 
theoretical interpretation of this phenomenon Rarott (1937) was of the 
opinion that this heat absorption does not exist but was an artifact. We 
should emphasize, however, the fact that Barott’s technique was not 
sensitive enough to draw a definite conclusion about this interesting 
problem. 
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The high sensitivity of our gas analyser allowed the possibility of esti- 
mating accurately the uptake of O, during the first days of incubation. 
In no case were we able to detect an elimination of O, by the incubated 
egg but always a gradually increasing O, uptake. Even in unfertilized 
eggs there is a small, constant O, consumption by the egg content. The 
work of Philips (1941) on the respiration of early chicken embryos should 
be mentioned. Moreover, most incubating eggs are put into the respira- 
tion chamber only after some days of exposure to atmospheric air. The gas 
tensions in the egg are therefore equal to those in the atmosphere and, 


TaBLe 2. Heat production of one incubated egg. Egg weight 64 g, temp. 37-7° C, 
relative humidity 10-28 % 


Heat production of embryo Evaporative Calorie 

(cal/24 hr) heat loss quotient 

Day of — of the egg _(cal/g 

incubation Calculated Measured (cal/24 hr) iQ. - mg O,/g) 
l 16-4 — 403 1-63 sats 
2 27-2 27-0 362 0-84 
3 41-7 37-8 362 1-00 3-0 
4 62:8 89-0 362 1-00 4-6 
5 103 89-0 362 0-94 2-8 

6 153 139 357 0-86 ms 

7 215. 180 362 0-80 2:8 
8 268 276 362 0-92 3°6 
9 379 376 362 0-88 3-4 
10 574 584 357 0-85 3°5 
11 914 888 414 0-81 3°3 
12 1314 1296 397 0-74 3-3 
13 1874 1726 414 0-69 3-0 
14 2326 2196 414 0-71 3-1 
15 2685 2510 426 0-69 3-1 
16 2812 2683 408 0-69 - 3:1 
17 2671 2716 443 0-67 3°3 
18 2830 2873 426 0-69 3°3 
19 2550 2698 408 0-73 3°5 
20 3477 3124 426 — on 
21 6195 — — 


depending on the solubility of O,, N, and CO, in the egg contents, there 
will be a greater or less elimination of these gases during and after warming 
up the egg in the respiration chamber. According to our experience it 
takes at least 24 hr to bring the temperature of the egg up to the incubating 
level and the time lapse of 3-4 hr mentioned by Barott (1937) is therefore 
insufficient to establish an equilibrium between the gas tensions in and 
outside the egg. | 

It will be a subject for further investigation to estimate the gas exchange 
of a freshly laid egg with outdoor air and the gas exchange of the same egg 
after warming up to incubating temperature. It seems to us that the results 
mentioned in the literature (Hasselbalch, 1902), in which a possible O, pan 
duction during the first days of incubation is claimed, can be explained by 


the purely physical exchange of gases between egg content and environment. 
16-2 
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A second point of interest is the fact that the evaporative heat loss 
of the egg is much greater than the heat production of the embryo during 
the first week of incubation, with the result of an egg temperature some- 
what lower than the incubating temperature. Romijn & Lokhorst (1956) 
found that the temperature of the egg does not rise above that of the 
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Fig. 2. Heat production of the growing chicken embryo in one egg (64g, Blue 
North Holland), estimated by direct (@) and indirect (O) calorimetry; A, evapora- 
tive heat loss, Temp. = 37-7° C; relative humidity = 10—28 %. 


incubator before the 10th day of incubation, on account of the evaporative 
heat loss of the egg as a whole. It should be emphasized that during the 
first days of incubation the total amount of heat given off by evaporation 
is much greater than the heat production of the embryo: for example, on 
the 3rd day of incubation the heat production does not exceed one-tenth 
of the heat loss. The conclusion is therefore justified that a small inaccuracy 
in the determination of evaporative heat loss is of great influence on the 
figure obtained for actual heat loss by the embryo. The difficulties 
encountered by previous investigators in estimating the correct heat 
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production during early embryonic development may be partly caused by 
this factor. 

Table 2 shows further that increase of ventilation dces not coincide 
with a corresponding increase in evaporation; on the contrary, the 
evaporation is extremely constant during the whole incubation time and 
seems therefore nearly completely dependent on the partial pressure of 
aqueous vapour in the surrounding air, irrespective of its velocity, at least 
at ventilation rates above 21./hr. Keeping the ventilation rate ata con- 
stant level of 61./hr during the whole period of incubation, we did not find 
an increase in evaporation corresponding with progress in embryonic 
development as is mentioned by Barott (1937). Differences in race and 
breed of the hens may play a part in this respect, owing to modification 
in the shell structure during the incubation time. With respect to the 
slope of the curve (Fig. 2) in general we may refer to the paper of Romijn 
& Lokhorst (1951), in which the metabolic activity of the developing 
embryo at successive stages is discussed extensively. 

The heat production of the incubated egg as measured and that cal- 
culated are in very close agreement, at least from the Ist day of incubation 
up to the 12th. From the 12th day up to the 16th day the uptake of oxygen 
is slightly greater than the corresponding heat dissipation would suggest. 
It will be a subject for further investigation to determine whether this 
difference is a real one. If this be so an explanation of this phenomenon 
cannot easily be given as it will be very difficult to make a decision about 
the destination of the extra oxygen. First, there may occur a synthesis — 
of glycogen from the yolk fat, and secondly, there is a possibility of storage 
of energy during the structural differentiation of the embryo. Moreover, 
other explanations are possible. The problem of energy retained for organ- 
ization is an old one and Needham (1931) gives an extensive discussion on 
this subject, referring to the work of Bohr & Hasselbalch (1903) and 
particularly to that of Tangl (1903). Fifty years later Barth & Barth (1954) 
summarized some modern views on the energetics of differentiation: but 
it should be said frankly that, though the nomenclature has somewhat 
changed, the problem itself has not yet been solved. 

From the figures published by Barott (1937) for the respiratory meta- 
bolism of the incubated egg, we calculated the heat production from the 
O, uptake in order to compare this with his figures for direct measure- 
ment of heat production (Table 3). Table 3 shows that the amount of 
heat produced on each day of incubation is greater than the number of 
calories given off and the discrepancy is on some days, for example, from 
the 16th to the 18th day, not less than 17 %. The original results of Bohr 
& Hasselbalch (1903) show a much closer agreement between the amounts 
of heat observed and the heat calculated from the respiratory metabolism. 
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The figures published by these authors, however, are very low in compari- 
son with those given by Barott (1937) and those given by us in this publica- 
tion (Table 2). Bohr & Hasselbalch (1903) found a calorie elimination of 
12-16 kcal per egg for the entire incubation period and a calorie produc- 
tion of 12-11 kcal, whereas Barott mentions a heat production of 30-72 kcal 
and a heat elimination of 25-03 kcal. In the present investigation we find 
in the egg of Blue North Hollands a heat dissipation of 24-51 kcal and a 
calculated heat production of 25-28 kcal over the incubation period from 
the 2nd day up to and including the 20th day. We cannot explain the low 
figures of Bohr & Hasselbalch and we accept them therefore with 
reservations. 


TaBLeE 3. Direct and indirect calorimetry of the chicken embryo, calculated from results 
published by Barott (1937). Relative humidity 24%, temperature 102° F (39° C). 


Heat calculated 
from gaseous Heat directly 


Day of metabolism measu 
incubation (cal/egg/24 hr)  (cal/egg/24 hr) 

5 136 87 

6 152 156 

7 252 135 

8 333 207 

9 389 372 

10 673 468 

783 702 

12 1119 1002 

13 1677 1308 

14 2223 1728 

15 2350 1956 

16 2735 2274 

17 2804 2334 

18 2892 2445 

19 3375 2760 

20 3948 3120 

21 4884 3975 


‘The respiratory quotient on the successive days of incubation gives 
an impression about the materials burned in the aerobic metabolism of 
the embryo. During the first days of incubation the R.Q. is relatively high, 
according to the CO, elimination from the egg-shell and the white. On 
the 5th day we find a R.Q. of 1-00. It would be erroneous, however, to 
infer pure glycogen combustion, as on that day the elimination of shell 
CO, is still considerable; a correction for this amount of CO, should be 
made, as has been done by Romijn & Lokhorst (1951). The R.Q. decreases 
gradually during embryonic development and during the 3rd week of 
incubation a R.Q. of about 0-70 is maintained (Table 2). Though it may be 
risky to draw a conclusion about the substances metabolized during em- | 
bryonic development, it seems likely that mainly fatty acids or fatty acids 
' and proteins piay the most important part in aerobic metabolism. In the 
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literature very erratic figures for the R.Q. can be found, on account of the 


ari- 
ica- sometimes primitive method of investigation and the fact that the CO, 
1 of elimination of the egg as such has not been taken into consideration. 
luc- The calorific quotient has been calculated from the heat production and 
cal the O, uptake (Table 2); from the 8th day on the figure for this calorific 
ind quotient decreases gradually from 3-6, to 3-0 on the 13th day of incubation, 
da | 
om 
low | 
1-8} \/ 
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5 6 7 8 9 10 11 12 13 14 15.16 17 18 19 20 21 
Days of incubation 
Fig. 3. Calorific quotient of the chicken embryo, calculated from results published 
by different authors. [], Bohr & Hasselbalch (1903); O, Hasselbalch (1902); 
@, Barott (1937); A, this paper. 


of and after that time there is again an increase up to 3-5. Taking into con- 
zh, sideration the very small difference in calorific quotient in case of pure 
On carbohydrate and in case of pure fat combustion it seems somewhat 
to hazardous to draw a conclusion from the calculated figures. Needham 
el] (1931), discussing the older work on the respiratory metabolism of the 
be developing chicken embryo, calculated the calorific quotient from Bohr 
368 & Hasselbalch’s figures for heat dissipation and the figures of some other | 
of investigators for the O, uptake. After plotting his results in a graph 
be (p. 718) he wrote: ‘the dotted line drawn between the horizontal lines 
m- shows the course that would theoretically be taken by the calorific quo- 
ids tient, supposing that carbohydrate was first burned, then protein, and 


he finally fat. As can be seen, the experimental curves do more or less follow 


J oa. 

, 


248 C. ROMIJN AND W. LOKHORST 


that rhythm, but little weight can be attached to such a correspondence 
in view of the kink on the heat production curve, which almost certainly 
is responsible for the drop in the calorific quotient at the 9th day.’ 

Redrawing Needham’s graph in a somewhat modified way, we plotted 
our own figures for the calorific quotient in the same graph, together with 
those calculated by us from Barott’s data on heat elimination and QO, 
consumption of an incubated egg at a relative humidity of 24% and a 
temperature of 102° F (39° C, Fig. 3). 

In the original publication of Barott (1937) the calorific quotient has 
been calculated by him from the CO, production of the incubated egg 
instead of using the figures for O, consumption. It seems to us that the 
latter method of calculation should be preferred to the first method because 
the CO, is partly given off by the shell and the non-living egg content. 

The figures obtained from Barott’s results are low and remain, one day 
excepted, below the figure of 3-2 for combustion of protein. Moreover, the 
factor calorific quotient as such seems to be of questionable importance 
in the interpretation of results in experimental work on respiratory 
metabolism; at least Needham (1950), discussing again the metabolism of 
the chick embryo (p. 591), underlines the importance of the R.Q. for the 
interpretation of results in metabolic research. The conception ‘calorific 
quotient’ is no longer mentioned by this author. : | 


SUMMARY 


1. A method has been described for carrying out direct and indirect 
calorimetry in a single incubated egg during the whole period of incuba- 
tion. | 
2. Under normal environmental conditions the results obtained by 
direct calorimetry agree very closely with the figures calculated from the 
respiratory metabolism (indirect calorimetry). 

3. The respiratory quotient and the calorific quotient have been 
calculated for each day of development and the results thoroughly dis- 
cussed in comparison with figures from other authors. : 
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- THE ROLE OF ANTERIOR PITUITARY HORMONES IN 
CONTROLLING SIZE, WORK AND STRENGTH 
OF THE HEART 


By MARGARET BEZNAK 
From the Department of Physiology, University of Ottawa, Canadu 


(Received 1 June 1959) 


It is known that hypophysectomy prevents the development of cardiac 
hypertrophy (Hajdu & Beznak, 1945; Beznak, 1955a). In an attempt to 
decide which hormones of the pituitary are necessary for the development of 
cardiac hypertrophy, growth-hormone (GH) preparations were encountered 
that were effective, while others similarly labelled had no effect (Bezndk, 
19546, 1956). Similar discrepancies were noted by White (1955) regarding 
the nephrotropic action of different growth-hormone preparations. Since 
the experiments could rarely be repeated owing to lack of the same pre- 
paration, and in many cases no detailed analysis of other hormone im- 
purities was available, the cause of the divergent results could not be eluci- 
dated. The question was recently reinvestigated because an opportunity 
arose to obtain several well defined fractions of the same pituitary 
starting material. 

Bigland & Jehring (1951) found that although treatment with growth 
hormone caused the mass of the quadriceps muscle of normal rats to 
increase, the tension developed by the muscle diminished. In view of the 
importance of these results an attempt was made to measure output, work 
an strength of the heart and to decide whether these parameters and 
cardiac size ‘always changed together or whether they could be influenced 
separately by the various hormones. 

In recent experiments Beznék (1959) analysed the haemodynamic 
changes following hypophysectomy. The hypotension was found to be due 
to a greatly diminished cardiac output, while peripheral resistance was 
_ rather higher than in normal rats. If the load on the heart was increased— 
the input load by infusing polyvinyl-pyrrolidone into the right heart and 
the resistance load by intravenous infusion of Pitressin (vasopressin ; 
Parke Davis) or norepinephrine—the output and work of the heart rose 
greatly, both in normal as well as in hypophysectomized rats. It was 
concluded that the low cardiac output after hypophysectomy was not due 


to a weakness of the heart, but was the consequence of a diminished venous" 
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return. This in turn was probably due to the reduced metabolism, as shown 
by the decreased oxygen consumption of hypophysectomized rats. Since 
it was shown that the rat heart is capable of undergoing quick changes in 
mass (Beznék & Hajdu, 1945; Hall, Hall & Ogden, 1953), Beznak (1959) 
considered that the atrophy of the heart occurring after hypophysectomy 
(McQueen-Williams & Thomson, 1940; Hajdu & Beznék 1945) was a sign 
of adaptation to the lower demand. If cardiac atrophy was only the 
consequence of a lower demand, preparations increasing the latter should 
prevent it. Eartly & Leblond (1954) found that thyroxine treatment of 
hypophysectomized rats restored to normal the oxygen consumption, 
heart rate and the heart-weight : body-weight ratio. That the latter is higher 
in thyroxine-treated hypophysectomized rats than in untreated controls 
had already been shown by De Granpré & Raab (1953) and by Scow (1954). 
The problems that the present investigation aimed to clarify were: Is it 
the thyroid-stimulating hormone (TSH) that prevents cardiac atrophy 
of hypophysectomized rats by the above mechanism? Are only prepara- 
tions that cause a rise in oxygen consumption effective, or can atrophy be 
prevented when the oxygen consumption of the animal remains low? 
When the demand on the heart is increased by aortic constriction, are the 
same hormones that prevent cardiac atrophy needed for the production of 
hypertrophy ? 


METHODS 


All experiments were performed on male rats of the Wistar strain aie 160-220 g. 
Hypophysectomy was carried out, and beginning on the day of the operation the rats were 
treated for 15 days with the preparation in question as a daily intraperitoneal injection in 
0-5 ml. saline. After 15 days the descending aorta was constricted in some of the rats just 
below the diaphragm with a silver ring of 0-*8 mm diameter. After cardiac hypertrophy 
had developed, different determinations were carried out. Hypophysectomy and aortic 
constriction were performed under ether anaesthesia, the final determinations under pento- 

barbitone (Nembutal; Abbott Laboratories, Ltd.). 
|. Series I was a pilot experiment. The preparation used was a lyophilized extract of whole 
sheep pituitaries, pH 5-5, called subsequently ‘Total powder’. This was injected in five 
groups of fifteen rats each in the following doses: 0-1, 0-5, 2, 10 and 50 mg/rat/day. Aortic 
constriction was performed 14 days later in nine rats of each group and injections were 
continued for another 5 days. The blood pressure was then measured, the rats killed and the 
wet and dry weight of their hearts and endocrine organs determined. 
_ Series II. From the above pilot experiment the dose of 10 mg/rat/day was selected, with 
the exception of TSH, group (6), of which (owing to insufficient supplies) only 5 mg/rat /day 
was given. 
The following nine groups of rats were used: 
' (1) Hypophysectomized, and examined 14 days later. 
(2-8) Hypophysectomized given replacement therapy by injection: 
(2) given horm free material ; 
(3) given a fraction containing luteinizing hormone (LH)+TSH+GH;- 
(4) given a fraction containing GH alone; 
(5) given a fraction containing follicle-stimulating ener: (FSH) alone; 
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(6) given a fraction containing TSH alone. 

(7) given the total powder (the same as in Series I); 

(8) given a combination of (3) and (4) called ‘combined treatment’. (It would have 
been preferable to combine GH with TSH alone, but not enough of the latter was 
available.) 

(9) Normal unoperated rats. 


In each group treatment was given to sixteen hypophysectomized rats for 14 days. In 
ten of each group the aorta was then constricted with a silver ring of 0-8 mm diameter and 
treatment was continued for another 8-10 days. The right heart and right femoral artery 
were then cannulated for sampling and the cardiac output was determined according to the 
direct Fick principle, with the micro-oxygen determination of Roughton & Scholander 
(1943). To determine the extent to which cardiac output could be raised, polyvinyl-pyr- 
rolidone (PVP) was infused into the right heart with a Palmer slow-infusion pump. Details 
of the procedure have been given already (Beznék 1958). Blood pressure was measured in a 
carotid artery with Hathaway gauges and was recorded photographically, and the heart 
rate was calculated from these records. From the estimated cardiac output and blood pres- 
sure, total peripheral vascular resistance (TPR) was calculated as well as the work of the 
heart. In the latter case only the work of the left ventricle was considered and the kinetic 
factor was omitted. ‘Basic work’ refers to the work done by the left ventricle before the 
infusion was started, and ‘maximum work’ to the maximum that could be reached during 
PVP infusion. Cardiac output is expressed similarly as ‘Basic’ or ‘Maximum’ output. 
Strength of the heart refers to the maximum work done during PVP infusion. Oxygen 
consumption was measured with a microspirometer and respiration was recorded with a 
Hathaway gauge. Blood volume was determined by the Evans Blue method, micro- 
haematocrit with the capillary method and the International Microhaematocrit Centrifuge.. 
Erythrocytes were counted and all rats submitted to autopsy after termination of the ex- 
periment. At this time the wet and dry weight of the total heart and of its different parts 
(Beznék 1952a), of the endocrihe glands and body organs were determined. Only those rats 
were included in which hypophysectomy was found from macroscopic examination of the sella 
to be complete. Changes in the weight of the heart and of its different parts were expressed 
in the following way. Since the weight of the heart very closely follows changes in body 
weight (Walter & Addis, 1939; Beznak, 19546), cardiac weight had to be related to the final 
body weight of the rat. The ratio heart weight: body weight was found to be greater in small 
rats than in large; thus the regression of cardiac, left and right ventricular weight on body 
weight was calculated by the method of least squares (Beznék, 19546, 19556). In Tables la 
and b ‘Found weight’ expresses the actually measured weight ‘Calculated weight’ the weight 
expected in a normal rat of the same body weight calculated from the formulae given by 
Bezndk (19556) for Wistar strain rats. The last line of Table 1a shows how well the 
actually measured heart weights of the eight normal rats of this series compared with 
those calculated from the formulae. ‘Difference, in milligrams’, then gives the difference 
between the found and the calculated values. In the groups with aortic constriction (Table 1b) 
comparison was made with their own control groups, i.e. those receiving the same treat- 
ment without aortic constriction. The weights of the left and right ventricles were calculated 
as described by Beznak (1952a). Student’s ¢ test was used for the statistical evaluation. 


RESULTS 


Series I 


There was a direct correlation between body growth and dose admini- 
stered. With a dose of 10 or 50 mg/rat/day, hypophysectomized rats grew 


with about the same speed as normal rats. The weight of the adrenals and 
17-2 
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thyroids (per 100 g body weight) was about normal in hypophysectomized 
rats treated with 10 or 50 mg. The weight of the testes and epidydymis 
was near or above normal with 0-1, 0-5 and 5 mg, but below normal with 
10 and 50 mg. The weight of the organs (per 100 g body weight) was normal 
with 10 and with 50 mg. The atrophy of the heart which occurs after . 
hypophysectomy was practically absent in hypophysectomized rats treated 
with 2-50 mg total powder/rat/day. Aortic constriction produced a left 
ventricular hypertrophy of 33% in normal rats, but not in the hypophy- 
sectomized. In hypophysectomized rats treated with 10 or 50 mg total 
powder, aortic constriction caused a left ventricular hypertrophy of 23 and 
25 % respectively. The blood pressure of hypophysectomized rats treated 
with these large doses of total powder. was nearly normal, and hyper- 
tension developed after aortic constriction, though it did not reach the 
level found in normal rats. From these results, 10 mg/rat/day was sppecouae 
as a suitable dose and was used in Series IT. 


Series II 


Figure 1 shows the body growth of the different groups. All rats lost 
weight during the first few days after hypophysectomy, but. the groups 
receiving the total powder, LH +TSH+GH, GH alone, or the combined 
treatment subsequently started to grow and their growth rate was com- 
parable to that of normal rats. 

Table 1 shows the weights of the whole heart, the left and right ven- 
tricles and their changes. The loss in cardiac weight following hypophy- 
sectomy was practically absent in the groups receiving the total extract or 
TSH. Aortic constriction caused no significant change in the weight of the 
heart of hypophysectomized rats, but the weight of the heart of normal rats 
increased by 176 mg. Most of this increase was due to a left ventricular 
hypertrophy. A comparable increase in the weight of the heart (left 

ventricle) followed aortic constriction in hypophysectomized groups 
' receiving the total powder or the combined treatment. A smaller but still 
significant left ventricular hypertrophy occurred in the groups treated with 
LH+TSH+GH or GH alone. The change of cardiac weight in the other 
groups was not significantly different from that of the hypophysectomized 
untreated controls. A comparison of these results with Fig. 1 shows that 
cardiac hypertrophy followed aortic constriction in those hypophysec- 
tomized groups that also grew well, ie. which received a preparation 
containing growth hormone. Cardiac hypertrophy, however, was more 
pronounced in the groups receiving TSH in addition to growth hormone, 
but TSH alone had very little effect. On the other hand, prevention of 
cardiac atrophy after hypophysectomy did not depend on growth hormone. 
Atrophy was absent from the group treated with TSH, although no body 
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growth took place. Growth hormone, sufficient for good body growth, did 
not prevent atrophy. 

Table 2 shows that the oxygen consumption of hypophysectomized rats 
was low and that treatment with the total powder or with TSH raised it 
practically to normal. Comparing these results with those of Table 1, 
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Change of body weight (g) 


Fig. 1. x—x, normal rate; hypophysectomized rats receiving. ‘Total 
Powder’ ; ©—2e » hy pophy tomized rats receiving the ‘Combined treatment’ ; 
O—O, hypophysect d rats receiving growth hormone; oe,  hypophysec- 
tomized rats receiving (LH + GH); A— A, hypophy ized rats 
receiving TSH; A—A, hypophysectomized rats receiving hormone-free material ; 
tomized rats 


a—e, hypophy tomized rats receiving FSH; C—O, h hypophy 
_ otherwise untreated. Inset, first three days on larger scale. 
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it is obvious that atrophy of the heart was greatly diminished in just these 
two groups. That TSH was responsible for the increase in oxygen con- 
sumption is further corroborated by the second part of the Table showing 
hypophysectomized rats with aortic constriction. A significant increase 
in oxygen consumption occurred in all groups treated with a preparation 
containing TSH. No connexion, however, existed between oxygen con- 
_ sumption and left ventricular hypertrophy. Respiration rate-was 99 + 15/ 
min in normal rats and 66+ 11 in the hypophysectomized. The changes 
caused by the various treatments paralleled those in oxygen consumption, 
consequently a detailed tabulation was omitted. 


Tasie 2. Oxygen consumption (ml./min/m* body surface) 
. Without aortic constriction With aortic constriction 


Groups No. 
1. ~~ 9 68 + 10 — 5 73412 = 
2. +Hormone-free 4 83 + 20 7 80+ 11 — 
material 
3. +LH+TSH+GH 6 81+ 25. _ 7 105 + 20 0-01 
4. +GH 5 93 + 37 — 5 86 + 22 _ 
5. +FSH 6 93 + 38 — 9 99 + 30 — 
6. +TSH 6 121+17 < 0-001 7 131+30 0-01-0-001 
7. +‘*Total Powder’ 6 122+ 8 < 0-001 6 121428 0-01-0-001 
8. +‘Combined treat- 7 102+23 0-01-0-001 8 95+ 20 0-05 
ment 
9. Normal 8 148 + 22 <0001 5 147+ 23 < 0-001 
P = between hypophysectomized control and groups receiving additional treatment. 


Table 3 shows that the heart rate was also influenced by TSH. The very 
pronounced bradycardia of hypophysectomized rats was lessened to varying 
extent by all fractions containing TSH. 

' Table 4 shows the cardiac index (output, |./min/m* body surface). Body 
surface was calculated by Diack’s formula (1930). None of the treatments, 
not even those which practically prevented atrophy of the heart, restored 
the lower output of hypophysectomized rats to normal. The output, 
however, was raised significantly in the groups receiving TSH, the total 
powder or the combined treatment. Cardiac output rose considerably 
during PVP infusion. The maximum output of normal hearts was three 
times the pre-infusion value. As was shown by Beznak (1959) the hearts 
of hypophysectomized but otherwise untreated rats could also raise their 
output during infusion. The highest outputs were observed in the groups 
which received TSH, irrespective of whether aortic constriction was pre- 
sent or absent. 

The systolic pressures, measured in the carotid artery, are shown in 
Table 5. The hypotension of hypophysectomized rats was unchanged in 
groups 2 and 6 and the rise was not significant in group 4. In all other 
groups the blood pressure was raised to or near the normal level. The same 
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preparations, plus the one containing growth hormone, accounted for the 
development of hypertension after aortic constriction. In these groups 
cardiac hypertrophy also developed, except in the group treated with TSH, 
where the increase in the weight of the left ventricle was not significant, 
though hypertension was present. 

Higher peripheral vascular resistance (Table 6) accounted for the rise of 
blood pressure towards normal produced by some preparations despite a 
-subnormal cardiac output. Peripheral resistance was higher in hypo- 


3. Heart rate (beats/min) 


Without aortic constriction With aortic constriction 


Groups No. P No. 
1. Hypophysectomy 9 327 + 37 — 5 306 + 54 -_— 
2. + Hormone-free 4 311+33 — 7 311+36 | 
material 
3. +LH+TSH+G 7 379+50 0-05-0-02 12 386+38 0-01-0-001 
4. +GH 5 351+ 38 10 359 + 63 
5. +FSH 7 332+ 49 10 369 + 74 
6. +TSH 6 405+57 0-01-0-001 9 410+56 0-01-0-001 
7. +‘Total Powder’ 6 440+ 40 0-001 6 380 + 32 0-02. 
8. +Combined treatment 7 399+48 0-01-0-001 8 368 + 69 
9. Normal 3 8  476+46 0-001 5 444 + 46 0-001 
P = between hypophysectomized and additionally treated groups. 
TABLE 4, Cardiac output (1./min/m*? body surface) 
Basic output Maximum output 
Groups N oO. No. P 
Without aortic constriction 
1. Hypophysectomy 9 0-82+0-25 9 425+0-96 — 
2. + Hormone-free 1-17+0-°37 4 3-854+2-15 — 
material 
3. +LH+TSH+GH 6 1:12+0-35 — 6 2-55+0-75 — 
4. +GH 5 0-94+0-28 5 4-78+2-95 
5. +FSH 5 0-83+40-26 5 289+1-04 ~ 
6. +TSH » 6 0-01-0:001 6 5-60+2-58 
7. +‘Total Powder’ 6 1+28+0-47~ 0-05-0-02 6 7:08+3-22 
8. +Combined 1+28+0-40 0-02-0-01 7 §43+2-00 
treatment 
-9. Normal 8  1-92+0-35 <000l1 8 5-76+1-71 0-05 
With aortic constriction 
1. Hypophysectomy 5 1:03+0-24 — 5 3-34+0-89 
2. + Hormone-free 0-82+0-20 — 7 3:39+0-94 ond 
material | 
3. +LH+TSH+GH 6 1:16+0-40 6 4-89+2-40 
4. +GH 5 0-94+0-31 5 3-69+0-91 — 
5. +FSH 9  1-19+0-57 8 3-69+1-13 
6. +TSH 7 1:37+40-50 5 6-80+3-03 0-05 
7. +‘Total Powder’ 6. 1-46+0-46 6 6:09+0-94 0-02-0-01 
8. + Combined treat- 8 1:10+0-27 8 4-23+41-93 
ment 
9. Normal 5 1594+0-19 0-01-0:001 5 6-14+0-89 < 0-001 


P = between hypophysectomized and additionally treated groups. 
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| physectomized than in normal rats and remained high with all the prepara- 


tions used here. | 
Cardiac work is expressed in Table 7 in kg.m/min/g left ventricle. The 
work done by the left ventricles of hypophysectomized rats was much less 
than that of normal rats (0-061 against 0-158). It was raised by those 
preparations which contained TSH, which also raised cardiac output and 
blood pressure. The work of the heart during PVP infusion was greatest 


TABLE 5, Systolic pressure in the carotid artery (mm Hg) 


Without 
aortic constriction With aortic constriction 
Groups No. P, No. Fs. Ps 

1. Hypophysectomy 9 94+24 — 5 102+ 29 — — 
2. +Hormone-free 4 86+18 7 120+ 41 

material 
3. + _ +TSH+ 7 126+ 27 0-02 12 172+ 34 0-01-0-001 0-001 

G 
4. +GH 5 114+20 _- 10 155 + 26 0-01 0-01-0-001 
5. +FSH 7 99+ 20 — 10 123 + 22 0-05 — 
6. +TSH 6 128+18 0-01 9 161+ 34 0-05 0-01-0-001 
7. +*Total Powder’ 6 139+15 0-001 6 175+29 0-02 < 0-001 
8. +Combined 7 13894+17 0-001 8 161 + 26 0:05 0-01-0-001 

treatment 
9. Normal 8 136+21 0-001 5 171+14 0-01 < 0-001 


P, = between hypophysectomized and additionally treated groups; P, = between the — 
same group before and after aortic constriction; P,; = between hypophysectomized groups 
with aortic constriction and additionally treated group. 


TABLE 6. Peripheral resistance (1000 dyn. sec.cm~*) 


Without aortic constriction 


Groups No. 
1. Hypophysectomy 9 318+ 63 
2. +Hormone-free material 4 342 + 162 
3. +LH+TSH+GH 7 323 + 160 | 
4. +GH 5 341+ 143 
5. +FSH 7 — 400+ 162 
6. +TSH 6 333+ 93 
7. + ‘Total Powder’ 6 274+ 62 
8. +Combined treatment 7 318+ 78 
9.. Normal 8 218+ 53 
P between hypophysect and normal group = 0-001 


in the groups treated with TSH or with the total powder. The work done 
by the heart of hypophysectomized rats after aortic constriction was also 
significantly less than that done by the hypertrophied hearts of normal rats. 
The average basic work performance of the groups receiving a fraction 
containing TSH was very near the normal level, but owing to the great 
scatter the difference was not significant when compared with the value 
found in untreated hypophysectomized rats. The maximum work done 
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during PVP infusion, however, was significantly higher in all groups 
receiving TSH than in the untreated hypophysectomized group; only the 
hormone-free material and FSH had no effect. 


TABLE 7. Cardiac work (kg.m/min/g left ventricle) 


Basic work Maximum work 
Groups No. P : P 
Without aortic constriction 
1. Hypophysectomy 9 0-061 + 0-042 — 0-254 + 0-123 — 
2. + Hormone-free 4 0-090 + 0-040 0-257 + 0-110 — 
material 
3. +LH+TSH+GH 6 0-108 + 0-068 — 0-234+ 0-181 
4. +GH 5 0-087 + 0-035 — 0°340 + 0-210 — 
5. +FSH 5 0-068+ 0-029 — 0-251 + 0-096 — 
6. +TSH 6 0-101 + 0-040 0-10-05 0-463 + 0-218 0°05 
7. +‘Total Powder’ 6 0-125 + 0-055 0-02 0-419+0-097 0-05-0-02 
8. +Combined 7 0-130 + 0-073 0-05—0-02 0-366 + 0-122 — 
treatment 
. 9. Normal 8 0-158 + 0-041 < 0-001 0-361 + 0-135 — 
With aortic constriction 
‘1. Hypophysectomy 5 0-066 + 0-027 — 0-207 + 0-067 — 
2. +Hormone-free 7 . 0059+ 0-025 0-255 + 0-042 
material | 
3. +LH+TSH+GH 6 0-108 + 0-057 — 0-385+ 0-111 0-02-0-01 
4. +GH 5 0-085 + 0-032 — 0-367 + 0-093 0-01 
5. +FSH i) 0-101 + 0-048 — 0-276 + 0-091 — 
6. +TSH 0-118+ 0-073 — 0-519 + 0-267 0:05-0:02 
7. +‘Total Powder’ 6 0-116 + 0-070 — 0-336 + 0-100 0-05-0-02 
8. +Combinedtreat- 8 0-089 + 0-034 0-275 + 0-127 
ment 
9. Normal 5 0-124+ 0-017 < 0-001 0-360 + 0-087 0-02-0-01 


P = between hypophysect d and additionally treated group. 


No determination of the ACTH content of the fractions was available. 
Figure 2 shows that some of them caused a considerable increase of adrenal 
weight in hypophysectomized rats. There was, however, no correlation 
between increase in adrenal weight and haemodynamic activity of the 
various fractions. This is in agreement with earlier findings (Bezndk, 
19526, 1954c). Later, unpublished results showed that treatment of 
hypophysectomized rats with long-acting ACTH preparations (‘ Adreno- 
mone,’ Armour, with gelatin and ‘ Duractin’, Nordisk, with carboxymethyl- | 
cellulose as vehicle), even in doses which caused pronounced adrenal 
hypertrophies, had no effect on the cardiovascular parameters discussed 
here. | 

Blood volume and red cell count were unchanged 2 weeks after hypo- 
physectomy and none of the treatments had any influence on either. 
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Weight of adrenals (mg/100 g body weight) 


1 2 3 4 5 6 7 8 9 
Fig. 2. Weight of the adrenals. 1, normal rats; 2, hypophysectomized rats re- 
ceiving the ‘Combined treatment’; 3, hypophysectomized 
FSH; 4, hypophy d rats receiving growth hormone; 5, hypophysect 
rats receiving the hormone-free material; 6, hypophysectomized rats receiving the 
‘Total Powder’ ; 7, hypophysect drats receiving TSH; 8, hypophysectomized 
rats receiving LH ; 9, hypophy d rats otherwise untreated. The first column 

_ of each group shows the rats without aortic constriction and the second column 
those with aortic constriction; cross-hatched area = standard deviation of the 
individual cases; doubly cross-hatched area = standard error of the mean. 


DISCUSSION 


The results indicate that TSH is able to prevent the appearance of 
most of the haemodynamic changes of hypophysectomized rats: Meta- 
bolism does not decrease as shown by the nearly normal oxygen consump- 
tion. The heart can meet the need of the organism: its output is much less 


diminished, there is no bradycardia and the blood pressure remains near 


the normal level. No atrophy of the heart develops. Administration of 
growth hormone is thus not necessary for the prevention of cardiac atrophy ; 
in fact cardiac atrophy was uninfluenced in the group receiving only 
growth hormone. These results are compatible with the hypothesis that 
the haemodynamic changes after hypophysectomy are the consequence 
of the decreased metabolism, and can be prevented by keeping metabolism 
at the normal level by the administration of TSH. 

Cardiac hypertrophy, on the other hand, followed aortic constriction 
only in those hypophysectomized rats which were treated with a fraction 
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containing growth hormone. The hypertrophy was greater in those groups 


that received both growth hormone and TSH, but TSH alone had very - 


little effect. Similarly Selye et al. (1945) showed that: the cardiac hyper- 
trophy produced by anterior lobe and STH preparations in normal rats 
was appreciably accentuated by combination with thyroid hormone 
treatment. The experiments of Salgado (1955, 1957) also indicated that 
both growth hormones and TSH were needed to produce hypertension and 
cardiac hypertrophy in hypophysectomized rats. This could indicate either 
that TSH increased the response of the cells to growth hormone or that 
by its effect on metabolism it added a further strain on the heart already 
loaded, e.g. by the constriction of the aorta, and that this additional strain, 
in the presence of growth hormone though not without it, led to a greater 
enlargement of the heart. Experimental evidence is in favour of the 
former possibility. Other effects of growth hormone, e.g. body growth, are 
also influenced by the thyroid. Thus Evans, Simpson & Pencharz (1939), 
Salmon (1941), and Laqueur, Dingemanse & Freud (1941), found that the 
effect of STH was absent or diminished in the absence of the thyroid. 
Treating hypophysectomized rats with different growth hormone prepara- 
tions, Beznék (1956) found that cardiac hypertrophy followed aortic 
constriction if the growth hormone preparation was not highly purified, 
but with highly purified preparations no cardiac hypertrophy resulted. 
This indicates that someting else may have to be present for growth hor- 
mone to have any action at all. The two processes, the prevention of cardiac 
atrophy and the development of hypertrophy, are thus shown to be differ- 
ent. Cardiac atrophy in hypophysectomized rats is a secondary process, 
and TSH, by removing its cause, the decreased metabolism, prevents its 
appearance. Cardiac hypertrophy in consequence of a permanently 
increased load on the heart, is an anabolic process, entailing formation 
and deposition of new material, and for this growth hormone is neces- 
sary, though TSH potentiates its effect. 

Regarding the connexion between size and work of the heart, if they 
were strictly interlinked processes, the work done per gram of heart muscle 
should not vary. The results indicate that this is not the case. The heart 
becomes not only smaller after hypophysectomy but it also does less work 
per gram than the hearts of normal rats. If the normal heart is confronted 
with a constant load, hypertrophy develops. Though the actual total work 
done by the hypertrophied heart is greater than in the normal heart, there 
_is a tendency for the work per gram to diminish. This is less so with the 
medium hypertrophies of normal heart muscle. Thus Bretschneider, 
Biicherl, Frank & Husten (1952) found cardiac work per gram, and 
efficiency, the same in heart-lung preparations of normal and hyper- 
trophied dog hearts. Though the work of the heart was not measured, 
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Beznék (1954a) found no correlation between left ventricular weight and 
blood pressure. If the aorta was markedly constricted, the weight of the 
heart increased sharply while hypertension diminished (Bezndk 1955a). 

The strength of the heart is measured here by the maximum work it 
can do when suddenly confronted with an increased load produced by 
PVP infusion into the right heart. The results show that the highest work 
performance was reached in the group receiving TSH. This is especially 
noteworthy after aortic constriction, because no’ cardiac hypertrophy 
developed in this group. On the other hand, in the growth-hormone- 
treated group the left ventricles were enlarged, yet the maximum work 
done was less than in the TSH-treated group. It is concluded from these | 
results that growth hormone controls the mass changes and TSH the work- 
and force-producing ability of the heart. 

All the effects of the preparations used in these experiments can thus 
be explained by their containing GH, TSH or both. Some of them, how- 
ever, also contained LH and FSH. Though Korenshevsky, Hall & Ross 
(1939) could produce some cardiac hypertrophy in rats by male-sex- 
hormone treatment and noted a slight diminution of the heart in cas- 
trated. rats, it seems unlikely that the sex hormones play any major part: 
in these experiments. Most of the preparations used also increased the 
weight of the adrenals of hypophysectomized rats, but there was no corre- 
lation between adrenal size and cardiovascular effectiveness. Rather (1954) 
showed that renal hypertension and cardiac hypertrophy diminished 
after adrenalectomy in rats. Selye & Bois (1955) found that adrenalectomy 
prevented the nephrotoxic and vasotoxic action of STH. MHoelscher 
(1954) determined the cardiac output of adrenalectomized rats and found 
it below normal. It seems therefore probable that some adrenal active 
material must be present to assure normal responsiveness to other hor- 
mones. The adrenal function remaining after hypophysectomy seems, 
however, sufficient for the other hormones to exert their cardiovascular 


effects. 


SUMMARY 


1. Hypophysectomized rats (with and without aortic constriction) 
were treated with a total sheep pituitary powder, and with five fractions 
prepared from it. To establish the cardiovascular actions of these dif- 
ferent fractions the following parameters were measured: cardiac output 
and work, strength of the heart (measured by the maximum to which 
output and work could be raised during PVP infusion into the right heart), 
heart rate, blood pressure, total peripheral resistance, oxygen consumption 
and respiration, blood volume, microhaematocrit and red cell count, size 
of the total heart and of its different parts. 
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2. The haemodynamic changes after hypophysectomy were found to 
be secondary to the decreased metabolism, and TSH by keeping meta- 
bolism at the normal level prevented their appearance; no bradycardia 
developed, cardiac output and work decreased less, there was no atrophy 
of the heart and the blood pressure did not fall. 

3. Constriction of the aorta in hypophysectomized rats led to cardiac 
hypertrophy only in those groups which were treated with a fraction con- 
taining growth hormone. The hypertrophy was greater if the rats received 
TSH as well as growth hormone, though no significant cardiac enlargement 
followed aortic constriction in hypophysectomized rats treated with TSH 
alone. The two processes, prevention of cardiac atrophy and the develop- 
ment of cardiac hypertrophy, are thus different, the former being controlled 
by TSH, the latter by growth hormone. 

_ 4, Size, work and strength of the heart were found to be not strictly 
interlinked processes. After hypophysectomy the heart became smaller 
but also did less work per gram of muscle than normal hearts (0-061 against 
0-158 kg .m/min/g left ventricle) and there was a tendency for hypertrophic 
hearts to do less work per gram. The strength of the heart, i.e. its maximum 
work-producing ability, was greatest in the group receiving TSH, al- 
though in this group no cardiac hypertrophy followed aortic constriction. 
It is concluded that size and strength of the heart can be influenced sepa- 
rately, the former by growth hormone, the latter by TSH. : 
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THE ROLE OF NON-MYELJNATED FIBRES IN SIGNALLING 
COOLING OF THE SKIN 


By W. W. DOUGLAS, J. M. RITCHIE anp R. W. STRAUB | 
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Yeshiva University, New York 61, U.S.A. 


(Received 12 June 1959) 


Comparatively little is known of the sensory functions of the non- 


myelinated fibres which make up the bulk of the afferent population in 
cutaneous nerves. Although it is widely held that these C fibres are ‘pain 
fibres’ and signal noxious stimuli, there is recent evidence indicating that 
they play an important part in signalling stimuli which are clearly not 
painful, such as touch and light pressure (Douglas & Ritchie, 19576; Iggo, 
1958). The present experiments were done to learn more of the sensory 
functions of the non-myelinated afferent fibres in cutaneous nerves by 
studying their electrical activity and examining whether or not they signal 
changes in skin temperature. 

Cooling has so far been recognized to be signalled by small caiinated 
fibres of the A delta type and the behaviour of the peripheral sensory 
apparatus in response to temperature changes is commonly discussed in 
terms of such specific ‘temperature fibres’ (Zotterman, 1936, 1953; 
Hensel & Zotterman, 1951a, b; Maruhashi, Mizuguchi & Tasaki, 1952; 
Boman, 1958). But it appeared from preliminary studies (Douglas, Ritchie 
& Straub, 1959) that in a typical cutaneous nerve cold is signalled not only 


by delta fibres but also by a large body of C fibres. These C fibres, like the — 


delta ‘cold fibres’, responded to moderate cooling of the skin and fired 
when the skin temperature was lowered by amounts unlikely to cause pain. 

Since such fibres seemed to make up a large fraction of the whole popu- 
lation of C fibres in the cat’s saphenous nerve and since histological studies 
(Gasser, 1950) have shown that non-myelinated fibres are about three or 
four times as numerous as all myelinated fibres in this nerve, it appeared 
worth while to examine their response to cold in more detail. 


METHODS. 


The experiments were carried out on cats anaesthetized with chloralose (80-100 mg/kg : 


body weight) given intravenously after induction with ethyl chloride and ether. 
Preparation. The hair on the right hind limb was cut short with electric clippers and the 
cat was pacha on its back with the right leg held everted in extension by a oe on the 
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foot. The skin over the saphenous nerve was incised from the groin to about midway between 
the knee and the ankle, refiected from the muscle and held by threads to form a bath. This 
bath was filled with liquid paraffin at about 30-35° C which had been equilibrated with a 
gas mixture composed of 5% CO, in O,, and which had previously stood over Locke’s 
solution (mm: NaCl, 154; KCl, 5-6; CaCl,, 2-2; NaHCO,, 1-9; dextrose, 5): unless wetted in 
this way some liquid paraffins cause the nerve to dry. A branch of the saphenous nerve 
usually leaves the main trunk just below the knee and runs with a small artery and vein to 
supply an area of several square centimetres of skin over the lateral aspect of the leg from 
the ankle to the knee. This knee branch was freed from the connective tissue to the point 
where it joined the main saphenous trunk. The saphenous trunk below this point was cut 
and the saphenous nerve above it separated from the underlying connective tissue as far up 
as the inguinal ligament, where it was cut. 

Cooling. The arrangement for cooling the skin is shown in Fig. 1. A bath of thin metal foil 
was placed against the skin and thermal stimulation achieved by replacing the water in the 
bath by water at different temperatures, It took about 2-3 sec to empty the bath and less 
than a second to fill it. Since the skin supplied by the knee branch of the saphenous nerve 
has an area of several square centimetres and varies somewhat in position and shape in 
different animals, the bath was mdde of thin aluminium foil so that it could be moulded to 
the particular shape of this area of skin in each experiment. The bath was held in close 
contact with the skin by a scaffolding of wood, ‘Plasticine’ and wire so that filling or 
emptying it caused little mechanical movement. The temperature of the water in the bath 
was measured with a rapidly responding thermocouple and galvanometer system. Another 
such thermocouple was sandwiched between the bath and the area of skin supplied by the 
knee branch, to give an estimate of the superficial skin temperature. 

Stimulating and recording. Sensory discharges in specific groups of nerve fibres were 
measured by observing the modulation of the corresponding components of an antidromic 
compound action potential occurring as a result of occlusion. The principle will be discussed 
later (pp. 268-9). Bright platinum electrodes were used and their arrangement on the nerve is 
shown in Fig. 1. One pair of electrodes (R) was placed on the knee branch of the saphenous 
nerve and used for recording. A single electrode on the main saphenous trunk or on the 
adjacent muscle acted as an earth. Two pairs of electrodes (S, and S,) were used for stimu- 
lating the saphenous nerve trunk high in the thigh. An electrical shock whose intensity was 
large enough to excite only the A fibres was applied at S,: a stronger shock exciting C fibres 
as well as the A fibres was applied at S,. Pairs of such shocks were usually applied at regular 
intervals two, three or four times every 2 sec. Each shock at S, preceded that at S, by about 
30 msec. This procedure was adopted for two reasons: first, to obtain records of A potentials 
free from the artifact which is usually introduced by the intense stimuli necessary to excite C 
fibres; and secondly, to avoid the deterioration of A fibres which occurs at stimulating 
electrodes passing the large currents necessary to excite C fibres. The electrical stimuli were 
rectangular pulses of current applied through radio-frequency isolation units (Schmitt, 
1948). 

The compound action potentials set up at S, or S, were led off at R and fed through a 


cathode follower into two separate amplifiers. Each amplifier was resistance-capacity 


coupled and had a low-frequency response sufficiently good not to distort the slowest 
potentials in which we were interested. One amplifier had a high-frequency response such 
that appreciable falling off in response did not occur until about 20 ke/s: this amplifier was 
used to record evoked A potentials and also fed a loudspeaker. The other amplifier was used 
to record the evoked C potentials and had high-frequency shunts to minimize the background - 
of random sensory A fibre activity which otherwise tended to obscure these small evoked C 
potentials. In this amplifier the high-frequency response was reduced to one half of its 
maximum height at a frequency of 100 c/s. This did not distort the evoked C potentials 
which were to be measured to any appreciable extent. The outputs from the two amplifiers 
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were fed into two adjacent oscilloscopes and the evoked A and C potentials were displayed 
on different time bases to be photographed together on moving film. 


Y 

CANS 


Fig. 1. The arrangement for recording activity in the saphenous nerve and for 
cooling the skin. The upper diagram of the cat’s right hind leg, as seen from above 
with the cat on its back, shows the positions of the stimulating (S, and S§,), 
recording (R) and earthing electrodes on the saphenous nerve and its knee branch. 
The area of skin supplied by the knee branch is shown by the stippling. An 
aluminium foil bath made in the form of a child’s paper hat was moulded around this 
area of skin. The lower diagram is a cross-section through the leg in the plane _ 
indicated in the top diagram and shows further the moulding of the bath and the 
arrangement of the supporting scaffolding. A further support not shown in the 
diagram was provided by a wire which held the inner wall of the bath closely 
against the skin. The lower diagram also shows the position of the two thermo- 
couples used to measure bath and skin temperature. The arrangements for filling 
the bath and emptying it are not shown; it was filled through a wide-bore filter 


funnel clamped in position above it and emptied through an indwelling suction 
line, 


RESULTS 


The technique we have used to detect and measure discharges in non-_ 


myelinated fibres (Douglas & Ritchie, 1957a) has already been used to 
show that C fibres in the saphenous nerve respond to touch (Douglas & 


Ritchie, 19576), It is based on the principle of occlusion. When the 


saphenous nerve is stimulated electrically high in the thigh (9, Fig. 1). a 
compound action potential is evoked which propagates antidromical!y 
towards recording electrodes (R, Fig. 1) nearer the sensory endings. !f 
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these nerve endings are not discharging, a maximal diphasic antidromic 
action potential is recorded at R. On the other hand, when sensory activity 
is present the amplitudes of particular components of the compound action 
potential fall because orthodromic impulses in active nerve fibres tend to 
collide with, and thus extinguish, the evoked antidromic impulses travel- 
ling in the same fibres. The reduction in the amplitude of a given elevation 
of the compound action potential not only indicates which group of fibres 


_ is involved, but also gives a measure of the intensity of the discharge. If 


the individual active fibres are discharging at a frequency sufficiently high 
to ensure that collision between an antidromic and an orthodromic impulse 
occurs in all of them, the percentage reduction in a given elevation is equal 
to the percentage of fibres which are active, for it may be assumed that the 
amplitude of any given elevation in the compound action potential is pro- 
portional to the number of fibres contributing to it. In many cases, how- 
ever, the frequency of discharge may be lower, so that such occlusion occurs 
only in some of the active fibres; in such instances the percentage reduction 
in the corresponding elevation is less than the actual percentage of fibres 
active. In all cases the percentage reduction in the amplitude of a given 
elevation gives a lower limit to the number of fibres active; for example, a 
30% reduction means that at least 30°%, of the corresponding fibres are 
active. This method we have used is particularly well suited to studying 
C fibres whose conduction velocity is low, because the reduction of the 
evoked compound action potential caused by a sensory discharge is in-- 
versely proportional to the conduction velocity of the corresponding fibres 
(Douglas & Ritchie, 1957a). For the same reason the method is less well 
suited to detecting discharges in faster conducting fibres. 


The response of myelinated and non-myelinated fibres to cooling the skin 

The main finding, that C fibres as well as A delta fibres discharge when 
the skin is cooled, is illustrated in Fig. 2, which shows antidromic compound 
action potentials recorded from the knee branch of the saphenous nerve 
before and during the application of cold to the area of skin it supplies. 
Three pairs of records are shown. In each pair the upper trace shows the 
A complex with its two principal components, the alpha-beta and the delta 


_ elevations, while the lower trace shows the C complex obtained on a much 


slower time base. In our experiments where records were made diphasically 
from the intact nerve this C complex always showed two principal ele- 
vations: the faster and larger of these, whose peak propagated at about 
1 m/sec at 37° C, will be referred to as the C, elevation and the slower, 
whose peak propagated some 10-30% more slowly, as the C, elevation. 
The left-hand pair of traces (Fig. 2a) are the control potentials obtained 


when the superiicial skin temperature and the bath temperature were 
18-2 
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33-2° C. After these control records had been obtained, the bath was 
emptied and refilled with water at 16-8°C. The middle pair of traces 
(Fig. 2b) was obtained 0-5 sec after applying this cold stimulus, and shows 
a large reduction in the amplitude of the delta elevation and a very small 
reduction in that of the alpha-beta elevation. Clearly, occlusion has 
occurred in both groups of A fibres, particularly in the delta fibres, and it 
follows that such fibres must have been discharging sensory impulses. 
There is no reduction in either the C, or the C, elevations in Fig. 26 and it | 
may be concluded that at this time C fibres were little, if at all, excited by 
the cold stimulus. The right-hand pair of records (Fig. 2c) was obtained 


_ Fig. 2. The activity produced by cooling the skin in the different fibre groups in 
the cat’s saphenous nerve. The upper records show the antidromic compound 
action potential of the myelinated fibres: there is a large alpha-beta elevation soon — 
after the stimulus artifact, followed some time later by a smaller delta elevation. 
The lower record, taken with a much slower time base, shows the antidromic com- 
pound action potential of the non-myelinated fibres which appears much later. 
This C complex shows a larger, faster component, the C, elevation, and a smaller, 
slower component, the C, elevation. In these lower records the alpha-beta and 
delta elevations are lost in the artifact. The two left-hand records, a, are the 
controls taken when the skin temperature was at 33-2° C; the middle records, b, _ 
were taken 0-5 sec after the bath water at 33-2° C had been replaced with water 
at 16-8°C; the right-hand records, c, were taken a further 3-3 sec after b, the 
cold stimulus being maintained. The conduction distance of the A fibres was 
66 mm and that of the C fibres 71 mm. The temperature of the nerve trunk was 
30° C. Note the fall in both the alpha-beta and delta elevations in record 6 and the 
fall in the C, elevation in record c., | 
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3-8 sec after the application of the maintained cold stimulus. By this time 
the skin temperature had fallen to its lowest value of 22-4° C. The alpha- 
beta and delta elevations had recovered, but now there was discharge in 
the bulk of the faster conducting C fibres, for the C, elevation is only a 
small fraction of its control amplitude. The slower C fibres, however, did 
not seem to respond to the stimulus, for the C, elevation is not appreciably 
reduced. 
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Time after applying cold (sec) 


Fig. 3. The response of the C, fibres in the cat’s saphenous nerve to different 
intensities of cooling. The ordinate is the size of the C, elevation of the compound 
antidromic action potential and the abscissa is the time after the application of a 
cold stimulus produced by replacing the bath water at 33° C with water at lower 
temperatures (at 16-8, 20-5, 26-5 and 29-0° C). The numbers beside each of the 
four curves indicate the corresponding falls in skin temperature. Recording condi- 
tions as in Fig. 2. 


‘The time course of the discharges 


The time course of the C, fibre discharge set up when the skin is rapidly 
cooled is shown in Fig. 3. The curves in this figure show the responses of 
C, fibres to cold stimuli of different intensities. Each curve shows the 
amplitude of the C, elevation (expressed as a percentage of its control 
value) plotted against time after the onset of cooling. It can be seen that 
even with the coldest stimulus the effect took several seconds to reach a 
maximum and required many seconds more to pass off. The response of the 
delta fibres was more transient: it reached a maximum within 1 sec when 
the C, fibre discharge was reaching its maximum. A comparison of the 
time courses of the effects on the two groups of fibres is shown in Fig. 4: 
the thick interrupted line shows the beginning of the ©, fibre response and - 
the thick continuous line the whole of the delta fibre response. 

In this experiment the responses of the two groups of fibres were 
obtained in consecutive tests rather than in the same test. This was done 
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so that the brief time course of the delta fibre response could be adequately 
followed by stimulating the A fibres alone at a rate of 10 shocks/sec. This 
rate is too high for studying the C fibres; these were excited in a sub- 
sequent test at 1 shock/sec. 

While the responses of the delta and C fibres just described are lasaeiy 
due to cold, some effect was observed when the water in the bath was 
changed for water at the same temperature and must be ascribed to a 
discharge set up in mechano-sensitive fibres by the small mechanical 
movements of the bath occurring during this manoeuvre. This mechanical 
effect was very small in the C, group (the thin interrupted line in Fig. 4), 


8 


Size of delta elevation (%) 


Time after applying cold (sec) 


Fig. 4. The different time courses of the delta and C, fibre discharges to cooling the 
skin. The thick continuous line shows the delta fibre discharge produced by lowering 
the skin temperature from 35 to 24° C: the thick interrupted line shows the C, 
fibre discharge produced by lowering the skin temperature from 33-2 to 25° C. 
The responses were obtained consecutively from the same nerve. The thin lines 
show the corresponding discharges set up mechanically by replacing the bath 
water at about 34° C with water at the same temperature. Conduction distance 
for delta and C, elevations, 71 mm. Temperature of nerve trunk, 32° C. 


and was over some seconds before the maximal discharge occurred in 
response to the cold stimulus: it did not obscure in any way the major 
portion of the response to cooling. On the other hand, there was a greater 
mechanical effect in the delta group (the thin continuous line in Fig. 4) 
and its peak coincided in time with the peak effect seen on cooling. How- 
ever, the response of the delta fibres to cold could always be detected by the 
greater effect produced by the cold stimulus. 
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The relation between temperature change and C, fibre activity 


)- The response of the C, fibres varied with the extent to which the skin was 
cooled and was greater the greater the cooling (Fig. 3). In the experiment 
of Fig. 3 the skin was maintained at about 33° C for several minutes before 
each test, which consisted of emptying and refilling the bath with water at 
a lower temperature. When the skin temperature was lowered 10-9° C the 
C, potential fell to about 25 % of its control amplitude, i.e. about 75% of 
the C, fibres must have fired. This was the maximal effect: lowering the 
skin temperature by as much as 30° C (i.e. down to about 3° C) did not 
produce any greater reduction in the C, elevation. Falls in skin temperature 
less than 10-9° C resulted in smaller reductions of the C, elevation, a just 
detectable reduction in the ©, elevation being obtained with a fall in skin 
temperature of about 3° C. 

When the fall in skin temperature lay in the range 3-11° C, there was 
a simple relationship between the fall in skin temperature and the maximal 
C, fibre discharge (as judged by the maximal reduction of the C, elevation) 
in each test. Thus, when the maximal reductions in the C, elevation ob- 
tained in the various tests were plotted against the logarithms of the cor- 
responding reductions in skin temperature, the points obtained were fitted 
by a straight line, as shown in Fig. 5. With falls in skin temperature in 
excess of about 11° C there was no increased reduction in the C, elevation 
and the curve drawn to fit the points in Fig. 5 becomes flat. © 

It has already been mentioned that the reduction in a given component 
of the compound action potential depends not only on the proportion of 
fibres which are active, but also on their frequency of discharge—the 
higher the frequency the greater the chance that occlusion will occur. This 
must be taken into account when the correlation between the observed 
effect on the C, elevation and the applied cold stimulus is considered. For 
example, although a fall in skin temperature of about 3° C was required to 
give a just detectable reduction in the C, elevation, it does not follow that 
this represents the threshold-cold stimulus for the most sensitive C, fibres. 
It is probable that the fall in skin temperature necessary to excite the most 
sensitive fibres is less than 3° C. With the method we used it was difficult 
to detect reductions in amplitude less than about 5%, so that 5% of the 
fibres could have been discharging vigorously without their being detected. 
Similarly, activity in many fibres, but at low frequency, would escape 
e detection; for example, with a typical interelectrode distance of 75 mm, if 
all the fibres were to fire less than once every 3 sec the reduction in the 
compound action potential would be less than 5 % (see Douglas & Ritchie, 
1957 a). 

Although no further decrease in the amplitude of the C, elevation 
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occurred with falls in skin temperature in excess of about 11°C, it does not 
follow that colder stimuli did not set up more activity in these C, fibres 
already activated. What the experiment indicates is that the frequency of 
firing set up by lowering the skin temperature 11° C was so high that 


occlusion occurred in all the fibres which were cold-sensitive and that these | 


made up about 75% of the C, group. Again, by the calculation given by 
Douglas & Ritchie (1957a) it can be shown that with a typical inter- 
electrode distance of 75mm the frequency of discharge of the whole 
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Fall in skin temperature (°C) 


Fig. 5. The relationship between the maximum fall in the C, elevation and the 
change in skin temperature when the skin temperature is lowered by various 
amounts from a constant initial value (33° C). The temperature change is plotted 
on a logarithmic scale. Conduction distance, 71 mm; temperature of nerve trunk, 
30° C. 


population of the cold-sensitive C, fibres (conducting at about 1 m/sec) 
which would just ensure complete occlusion occurring in all of them, and 
hence a maximal reduction of the C, elevation, is about 7 impulses/sec. In 
these circumstances where complete occlusion was already occurring, an 
increase in frequency of discharge — clearly cause no greater effect on 
the C, elevation. 


The effect of initial temperature on the C, , fibre 
response to cooling the skin 
The question arises whether or not the response of the C, fibres to 
cooling the skin depends on the initial temperature from which the change 
in temperature is effected. The responses which have already been shown 
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(Fig. 5) were produced by cooling the skin in successive tests from a 
constant initial temperature of about 33° C to various final temperatures. 
Other tests were done in which the skin was cooled from various initial 
temperatures below 33° C to a constant final temperature of about 24° C 
and these gave similar results. As can be seen in Fig. 6, the relationship 
between the maximum response of the C, fibre population and the fall in 
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Fall in skin temperature (°C) 


Fig. 6. The relationship between the maximum fall in the C, elevation and the 
change in skin temperature when the skin temperature is lowered from various. 
initial temperatures to a constant final temperature of about 24° C. This experi- 
ment was carried out in the same preparation as that used for Fig. 5. Note that 
although the cooling procedure is different (similar reductions in skin temperature 
were obtained, but in different temperature ranges), the relationship between 
the fall in the C, elevation and the change in skin temperature is the same, for the 

_ line which appears in this figure and which fits the experimental points is the same 
line which was drawn to fit the experimental points in Fig. 5. 


skin temperature is much the same as that found earlier in the same 
animal (Fig. 5) when the skin was cooled by varying amounts from a 
constant initial value. It appears, therefore, that over this range of 
temperature the magnitude of the C, fibre response is determined by the 
fall in skin temperature rather than by the initial or final temperatures. 


The effect of ethyl chloride — 

Ethyl chloride sprayed on man’s skin produces the sensation of intense 
cold. Some experiments were done to see whether or not those C fibres in | 
the cat’s saphenous nerve which were not excited by cold applied with the 
bath technique (i.e. all the C, and some C, fibres) would respond to spraying 
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with ethyl chloride. When the cat’s skin supplied by the knee twig of the 
saphenous nerve was sprayed for a few seconds with ethyl chloride, there 
was a vigorous discharge of impulses and the antidromic C, elevation was 
reduced in size (Fig. 7) often to less than 10% of its control amplitude. 
This is a larger effect than was obtained in the experiments with the bath, 
even when the skin was cooled to as low as 3° C. This greater effect on the 
C, elevation may have been due to a greater or more rapid fall in skin 


Fig. 7. The sensory discharge in C, fibres in the cat’s saphenous nerve produced 
by spraying the skin with ethyl chloride. The upper record was taken before 
spraying, when the skin temperature was 26-5° C, and the lower record during 
spraying. The C, elevation is greatly reduced in amplitude. There is little change 
in the C, elevation. Conduction distance, 86 mm. Temperature of nerve trunk, 
30-5° C. 


temperature with ethyl chloride; but it may have been the result of added 
activity in purely mechano-sensitive C, fibres, for spraying the skin with 
water at normal skin temperatures excited many C, fibres, causing the C, 
potential to fall by up to 25%. Spraying with ethyl chloride gave no 
clear-cut effect on the C, fibres ; in a few experiments small reductions in the 
C, elevation were noticed but they were too small (about 5%) to be 
definite. 
: The effect of heating the skin 

In previous experiments (Douglas & Ritchie, 1957b) it was found that 

warming the skin by radiant heat did not produce any detectable ‘discharge 
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in C fibres. This has been confirmed in the present experiments even when 
the radiant. heat used was so intense as to singe the skin in about 10 sec 
and was intolerably painful when applied to our own skin. Experiments 
with the bath technique gave similar results. Thus, when the bath water. 
at about 35° C was replaced with hotter water varying in temperature from 
40 to 100° C no reduction in any of the main C elevations was detected. 


A common pathway for touch and cold 
The results which we have described in the present paper indicate that 
the majority of C, fibres in the cat’s saphenous nerve can be excited by 
cooling the skin. Previous experiments (Douglas & Ritchie, 1957b) showed 
that most of the fibres in this same group are excited by touch. Clearly 
there must be many C, fibres which are sensitive to both forms of stimu- 
lation. This can best be demonstrated by applying both stimuli separately 


Touch Cold (33-3->22-4°C) 
‘ 


Size of C, elevation (%) 
T 


0 J 
Fig. 8. An experiment showing that C, fibres respond both to touch and to cold. 
Both tests were made on the same nerve. The response to touch was evoked by 
drawing a roll of cotton gauze across the skin during the period marked by the 
short horizontal bar. The response to cooling occurred when the skin temperature 
was lowered 11° C (from 33°) during the period marked by the long horizontal bar. 


to the same preparation, as has been done in the experiment of Fig. 8. In 
the first part of this experiment the skin was stroked with a cotton swab 
and the C, elevation all but disappeared (left-hand record, Fig. 8); in the 
second part, after the aluminium bath had been mounted and the skin 
cooled from 33 to 22°C the same (, elevation fell by about 75%. Thus 
touch had excited nearly all the C, fibres while cooling had stimulated at 
least 75 °% of them. This can only mean that most of the C, non-myelinated 
fibres are sensitive both to touch and to cold. _ 
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The influence of electrical stimulation on the sensory discharges 

It might be questioned how far the results we have obtained are in- 
fluenced by the unconventional method of recording sensory activity 
which has involved regular and prolonged electrical stimulation of the 
saphenous nerve. The saphenous nerve contains sympathetic motor fibres 
and there have been numerous reports asserting or denying that activity 
in the sympathetic efferent nerves influences sensation (see von Briicke, 
1932). In a recent study, however, Loewenstein (1956) has clearly demon- 
strated that stimulation of the sympathetic nerve supply may increase the 
sensitivity of tactile receptors in the frog’s skin. Whatever the effect of 
concurrent sympathetic stimulation is in our experiments, it could be 
regarded as a normal physiological rather than an abnormal event, for in 
stimulating some 2-4 times every 2 sec we were probably mimicking the 
normal resting sympathetic nervous outflow, which is estimated to be 
about 1-3 impulses per second (Girling, 1952; Folkow, 1952; Celander & 
Folkow, 1953; Celander, 1954). The rate of stimulation we have used is 
certainly well below the maximum frequency of sympathetic discharge, 
which is about 10 impulses/sec (Pitts & Bronk, 1941; Celander, 1954; 
Douglas & Ritchie, 19574, c). 

The method of recording activity we have used, however, involves not 
only orthodromic stimulation of sympathetic fibres but also antidromic 
stimulation of all sensory fibres in the nerve. Such antidromic stimulation 
has been reported to cause not only vasodilatation but also hyperalgesia 
(Lewis, 1942). This raises the question whether or not the fibres we are 
studying in the C, group are sensitive to moderate cooling or touch only 
because of the antidromic technique, i.e. whether or not we are studying 
some abnormal response of ‘pain fibres’ usually sensitive only to noxious 
stimuli. The nature of the sensory disturbance observed by Lewis in the 
skin after antidromic sensory stimulation, however, would make such an 
interpretation improbable, for in these circumstances the sensory responses 
to light touch and to cold are not exalted; rather the characteristic change 
in the skin is that the threshold to various painful stimuli is lowered. One 
such painful stimulus is heat and we have already described how the (, 
fibres do not discharge in response to heat. | 
_ In some experiments an attempt was made to examine directly how (, 
fibres respond in the absence of antidromic stimulation. After setting up 
the nerve on the electrodes and stimulating it. only long enough to ensure 
the adequacy of the stimulating and recording conditions, stimulation was 
stopped and the animal was left for 1 or 2 hr. At the end of this time the 
skin was cooled or touched. As soon as the sensory discharge heard in the 
loudspeaker became intense a single compound antidromic action potential 
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was sent down the nerve in the usual way to be recorded at the recording 
electrodes, so that it could be compared with a later control record obtained 
in the resting preparation. By this means it was possible to obtain a 
measure of the orthodromic sensory activity during cooling or touching 
the skin in a preparation where no antidromic impulse had reached the 
sensory nerve endings within the last 1-2 hr. The amplitude of the C, 
component of this antidromic compound action potential was always 
smaller than the succeeding control records obtained in the absence of 
sensory stimulation of the skin. It could thus be inferred that the C, fibres 
were excited by cold or touch even in the abeenoe of recent antidromic 
activity. 
DISCUSSION 

Although non-myelinated fibres are thought to be erie in signalling 
painful stimuli, the degree of cooling which we found excited the fibres in 
the C, group cannot be considered noxious. Some of these cold-sensitive 
C fibres were excited by a fall of skin temperature of only 3° C and the bulk 
of them by a fall of about 11°C. Such stimuli applied to our own skin 
never caused pain. These C fibres are thus capable of signalling quite 
moderate innocuous cooling of the skin, participating in the afferent dis- 
charge from the skin whenever it is cooled. In this sense they may be 
regarded as ‘cold fibres’. 

It is interesting to compare the properties of these non-myelinated cold- 
sensitive fibres with those of the myelinated cold-sensitive fibres of the 
delta group studied in the present experiments. The general time course of 
the discharge set up by an instantaneous maintained cooling is much the 
same in the C, fibres as it is in the delta fibres. In both populations the 
sensory discharge rapidly rises to its maximum and then declines markedly, | 
so that the amplitudes of both the delta and the C elevations soon become 
indistinguishable from their control values. The C, fibre discharge differs 
from that of the delta fibres principally in that the maximal response is 
reached a second or two later and declines more slowly. This might provide 
a mechanism for maintaining a higher degree of sensory discharge during 
a prolonged cooling than would be possible with delta fibres alone. It 
would be interesting to know whether these differences between the cold- 
sensitive fibres of the C, and the delta groups reflect a difference in the 
properties of their endings or some difference in their anatomical location 
inthe skin. Single-fibre experiments on delta fibres in the tongue and in the 
skin of the face have shown that even though adaptation does take place 
during a maintained cold stimulus the rate of firing does not recoyer to. 
normal, but rather to some small fraction of the maximal rate seen soon 
after the onset of cooling (Hensel & Zotterman, 19514; Boman, 1958). 
Since this did not show up in our records of the delta elevation, it may be 
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that a low-frequency discharge (say less than one impulse in each fibre 
every 3 sec, as described above) also occurs in the C fibres and has similarly 
escaped detection. 

One striking result in our experiments was that over the range of 
temperatures we studied (24~33° C) the response of the C, fibre population 
depended only on the change of temperature and not on the temperature 
itself, i.e. the thermal sensitivity of the C, fibre population remained 
constant over a wide range of temperature. Hensel & Zotterman (19515), 
on the other hand, working with single delta ‘cold fibres’, found distinct 
maxima in their individual thermal sensitivity curves such that in any 
particular fibre the response to a fixed cold stimulus was much greater at 
some temperatures than at others. There is no necessary difference in the 
behaviour of the C, and the delta fibres to cold, because the result we have 
obtained from the C, fibres reflects the behaviour of the whole population. 
In this population individual fibres may show sensitivity curves similar to 
those of the delta fibres, having distinct maxima, but provided these 
maxima are randomly distributed amongst the different fibres, over a 
limited range of temperature (as in our experiments) the integrated 
sensitivity curve of the whole population should be independent of tem- 


perature. On these same grounds the sensitivity should fall off at high and | 


at low temperatures: these temperatures presumably lay outside the range 
(24-33° C) over which we specifically examined the sensitivity curve. 

Although these non-myelinated fibres behave as ‘cold fibres’, they might 
equally well be described as ‘touch fibres’, for they are also sensitive to 
touch. While studies on individual fibres in this population might reveal 
different relative sensitivities to the two forms of energy, so that different 
_ fibres might be accordingly classified arbitrarily as ‘cold fibres’ or ‘touch 
fibres’, such a classification might tend to obscure the important point 
that most of these fibres can signal both cold and touch. It seems better te 
describe them as fibres which are both cold-sensitive and mechano-sensitive. 
This terminology has the merit that it not only describes more fully their 
receptor properties, but carries no implications about sensations which 
may arise from their activity. 

The fact that the same C fibres respond to two distinct forms of quite 
innocuous stimulation is to be distinguished from the well-known pheno- 
menon that nerve fibres may be excited by various forms of energy, pro- 
vided it is sufficiently intense. This behaviour of a large group of C fibres is, 
of course, at variance with any rigid view of the specific irritability of 
sensory nerve endings. Such behaviour, however, is by no means unique. 
It has long been suspected from experiments on man that pressure recep- 
tors might be excited by cold..Thus, Hensel & Zotterman (1951c) point 
.out that it has been known for many years that cold weights seem heavier 
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than warm ones (Weber’s illusion), and that ether or chloroform applied 
to the skin not only feels cold, but gives the sensation of pressure. 
By recording action potentials from the cat’s tongue, Hensel & Zotterman 
(1951c) showed that a small group of fairly large fibres, which they 
classified as mechanoreceptors, could be excited briefly by cooling the 

tongue some 10-15° C. In their experiments the ‘cold fibres’ (the small 
delta fibres) did not respond to mechanical stimulation and the large 
‘touch-and-pressure’ fibres were not excited by cooling. In a recent study, 
however, Boman (1958) found that delta ‘cold fibres’ in the trigeminal 
nerve can be made to fire by pressing a hair firmly on the face, and still 
more recently Witt & Hensel (1959) have found fibres (whose size was not 
determined) in the cat’s saphenous nerve which were also excited both by 
mechanical and by thermal stimulation. Our finding that many C fibres 
respond both to moderate cooling of the skin and to touching it is therefore 


not a singular one, but rather only a striking example of the ability of 


certain nerve fibres to respond to more than one form of energy at physio- 
logical intensities. The most remarkable example of this perhaps is the 
facial pit organ of the pit viper, which is an exceptionally sensitive thermo- 
receptor but also responds to mild mechanical stimulation (Bullock & 
Diecke, 1956). | 

The fact that we have found many C fibres sensitive to moderate 
mechanical stimulation and to cooling is perhaps less remarkable than the 
fact that we have not found C fibres that respond only to noxious stimuli 
and which might thus be considered as ‘pain fibres’, for pain is the modality 
which has been most closely associated with C fibres. On applying intense 
heat to the skin—one of the classical ways of eliciting pain—we have > 
never observed any reduction of any of the C elevations which we can 
clearly distinguish, although Maruhashi ef al. (1952) and Iggo (1958, 1959) 
have found some C fibres in cats’ cutaneous nerves which were excited by 
heating the skin. If C fibres do mediate pain from the skin, as is generally 
believed, such ‘pain fibres’ can make up only a small proportion of the 
whole © fibre population. In our experiments, even under favourable 
conditions, we should not be able to detect reductions of the main C ele- 
vations of less than about 5°%—but even 5% of the C population is still 
a large number of fibres. The fact that the sensation of pain is so poorly 
localized does indeed suggest that it may be mediated by a relatively small 
number of fibres. 

It is now clear that when the skin is cooled or touched a large mass of 
fibres discharges in addition to the previously studied A fibres. The 
significance, for central nervous function, of the afferent discharges in 
the different groups of fibres remains to be established. While an obvious 
function is that of rene | the sensations of cold and of touch, some of 
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these fibres may be concerned not with sensation at all, but with esedapan 
regulation or some other purely reflex activity. “ 

The main conclusion to be drawn from the present experiments, and our 
previous experiments on the responsiveness of C fibres to touch, is that the 
C fibre population can no longer be regarded as devoted only to mediating 
painful stimuli, but rather must be considered as subserving a variety of 
afferent functions just as does the A fibre population. The fact that non- 
myelinated fibres far outnumber myelinated fibres in the cutaneous nerves 
of the cat and of man (Ranson, Droegemueller, Davenport & Fisher, 
1934) strongly suggests that the role of C fibres in signalling innocuous 
stimuli is an important one. 


SUMMARY 

1. Experiments were done to see if the sensory non-myelinated fibres in 
cutaneous nerves discharge when skin temperature is changed. 

2. A large proportion of the C fibres in the cat’s saphenous nerve was 
found to be sensitive to moderate cooling of the skin: the most sensitive of 
the C fibres discharged when the skin temperature was lowered by about 
3° C (from about 34° C) and most of them discharged when it was lowered 
by about 11°C. 

3. The response of the cold-sensitive C fibres took a second or so longer 
to reach maximal intensity and diminished more slowly than the response 
of the delta cold fibres. 

4. The maximal intensity of the C fibre discharge varied linearly with 
the logarithm of the fall in skin temperature. | 

5. No discharge in any group of C fibres was detected when the skin was 
gently warmed or was heated to burning. This shows that at most there 
can only be a relatively small number of non-myelinated ‘warm fibres’ and 
specific ‘pain fibres’, 

6. Most of the cold-sensitive C fibres were also mechano-sensitive and 
were excited by drawing a cotton swab across the skin. 

7. A large mass of C fibres in a cutaneous nerve thus responds to in- 
nocuous thermal and mechanical stimulation of the skin. Since non- 
myelinated fibres far outnumber all myelinated fibres in cutaneous nerves, 
they clearly Play an a alia part in signalling such innocuous 
stimulation. 
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THE EFFECT OF OXYTOCIN AND VASOPRESSIN AND 
OF PHENYLALANYL®-OXYTOCIN ON THE URINARY 
EXCRETION OF WATER AND ELECTROLYTES IN MAN 


By W. B. THOMSON 3 
Medical Unit, St Mary’s Hospital Medical School, London, W. 2 


(Received 12 September 1959) 


At the present time it is generally held that the neurohypophysis secretes 
two hormones, oxytocin and vasopressin. The latter is important in most 
species and in both sexes in the maintenance of normal water balance by 
promoting water reabsorption from the distal renal tubule. The impor- 
tance and actions of oxytocin are, however, less well understood. In the 
female it produces contraction of the pregnant uterus and milk ejection 
by the lactating breast, but in the male, where similar amounts of the 
hormone have been found (van Dyke, Adamsons & Engel, 1955), its 
function remains obscure. ee 

Attempts have been made to demonstrate a physiological action of 
oxytocin on renal function, especially electrolyte excretion, in experimental 
animals. In the rat, Dicker & Heller (1946), Croxatto, Rosas & Barnafi 
(1956) and Brunner, Kuschinsky, Miinchow & Peters (1957) produced 
evidence of increased excretion of sodium, chloride and, less certainly, 
potassium after injections of purified oxytocic extract of posterior pitui- 
tary gland. Brunner ef al. (1957) found similar results with synthetic 
oxytocin. Brooks & Pickford (1958), who also found no difference between 
the actions of highly purified oxytocic extract and synthetic oxytocin, 
report that the effect of oxytocin on electrolyte excretion in the bitch 
varied with the rate of urine flow. At low rates of urine flow injections of 
oxytocin increased sodium, chloride and sometimes potassium excretion; 
but during water diuresis no such effect was seen. Because there is evi- 
dence (Harris, 1955) that under physiological conditions oxytocin and 
vasopressin are usually liberated simultaneously from the neurohypo- 
physis, Brooks & Pickford (1958) tested mixtures of the two hormones in 
the bitch and then found that increased electrolyte excretion was seen at 
both high and low rates of urine flow. The effects of oxytocin on the rate 
of urine flow have been variable. In the rat increases of urine flow were 
observed by Croxatto et al. (1956) and Brunner ef al. (1957) but Gyermek 
& Fekete (1955) describe an antidiuretic action of synthetic oxytocin. 
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Both van Dyke et al. (1955) and Brooks & Pickford (1958) found nig dai 


to have an antidiuretic action in the dog. 

There have been very few reports of the effect of sapieebs on ‘renal func- 
tion in man, Chalmers, Lewis & Pawan (1951) saw little antidiuretic 
effect and no change in sodium or chloride excretion after 50-200 m-u. 
Pitocin (pituitary extract; Parke, Davis) given intravenously to normal 
human subjects during water diuresis. Brunner et al. (1957) gave synthetic 
oxytocin subcutaneously in doses of 15-240 m-u./kg body weight to ten 
subjects, seven male and three female, during antidiuresis and failed to 
observe an increase in urine flow or the excretion of chloride or potassium. 


3 Oxytocin 
Vasopressin 


Phenylalany]*-oxytocin 
* Lysine in pig vasopressin. Me 
Fig. 1. Amino-acid structure of (a) oxytocin, (b) vasopressin and.» 
(c) phenylalanyl*-oxytocin. 


The structure of the neurophypophysial hormones, oxytocin and vaso- 
pressin, has recently been elucidated by du Vigneaud, Ressler, Swan, 
Roberts, Katsoyannis & Gordon (1953) and du Vigneaud, Gish & Katso- — 
yannis (1954). Both hormones are cyclic octapeptides which differ from 
each other by only two amino acids (Figs. la, 6). These differences in 
structure are associated with important differences in biological activity, 
one of which is the poor antidiuretic activity of oxytocin in animals (van 


_ Dyke et al, 1955) when compared with vasopressin. Thus a phenylalany] 


group in the 3-position and/or an arginy] or lysyl group in the 8-position 


_ are necessary for the very potent antidiuretic effect of vasopressin. Ana- 


logues of these hormones have now been prepared in which individual 


amino acids are replaced by others. One such substance (Fig. 1c) called 


‘P-analogue’ by Berde, Doepfner & Konzett (1957), ‘oxypressin’ by Katso- 
yannis (1957) and here called phenylalanyl*-oxytocin according to the 
scheme of numbering the amino acids suggested by Konzett & Berde 
(1959), is of interest because it can be used to assess the relative importance 
of the amino acids in the 3- and 8-positions in the action of vasopressin on 
the kidney. It has been found by Berde et al. (1957) to have an antidiuretic 
activity in the rat comparable to that of vasopressin, whereas. substitu- 
tion of the tyrosyl? group of oxytocin by phenylalanine results in much 

19-2 


H, 
aS 4 
st 
e 
n 
8 
f 
4 
fi 
d § 
4 
1- 
1c 
} 
n 
1, § 
of 
n 
at 
re 
n. 


W. B. THOMSON 
less enhancement of the antidiuretic action (Konzett & Berde, 1959), 


.This. suggests that the strong antidiuretic action is dependent on the 


exact structure of the cyclic pentapeptide part of vasopressin (Fig. 1). 
In the experiments reported here the effects of oxytocin, vasopressin and 
mixtures of oxytocin and vasopressin on urinary excretion of water and 
electrolytes were studied in man. In addition, the actions of phenylal- 
anyl®-oxytocin on renal function were compared with those of oxytocin 
and vasopressin. 
METHODS 


Nineteen healthy young males and one healthy young female were studied, the latter 
at a time one week after the cessation of a normal menstrual period. In each experiment 
an indwelling needle was inserted into a forearm vein and an infusion of sodium chloride 
solution (0-9 g/100 ml.) commenced, at a rate of 0-25 ml./min. After control urine collection 


_ for three periods of 10-15 min the infusion was changed to one containing the hormone and 


the chosen dose given usually during 10-20 min. Some of the males stood to pass urine 
but otherwise the subjects remained seated throughout the experiments. Urine was passed 
naturally every 10-20 min and the volume measured. Every effort was made to empty the 
bladder as completely as possible. Urine collections were continued for at least 60 min 
after the end of administration of each hormone. In some experiments, when urine flow 
had returned to control levels an infusion of another hormone was given and its effect fol- 
lowed as before. Water diuresis (when required) was induced by drinking 1 1. water 90 min 
before the start of the experiment. During the experifients water equal in amount to the 
urine passed was drunk after each collection period. Dilutions of the hormones with 0-9 % 
saline were made less than | hr before their administration. Blood pressure was recorded 


‘by sphyg ter and pulse rate by counting every 5 min. Most experiments were 


performed in the morning but some took place in the afternoon. Urinary sodium and 
potassium concentrations were measured by flame photometry and in some rine amaameed 
chloride concentration by the method of Sanderson (1952). 

The hormone preparations which have been used in these experiments are: (a) ‘Synto- 
cinon’ (Sandoz). This is a solution of synthetic oxytocin stated by the manufacturers to 
contain 10 international oxytocic units/ml.; in this paper the term ‘milliunit’ (m-u.) of 
oxytocin means 0-0001 ml. of ‘Syntocinon’. (b) ‘ Pitressin’ (Parke, Davis). This is a purified 
posterior pituitary extract which contains mainly vasopressin with a small amount of oxy- 
tocin which was considered immaterial to this study; it is stated to contain 20 international 
pressor units/ml. and in this paper the term ‘milliunit of vasopressin’ is used to mean 
0-00005 ml. of ‘ Pitressin’, (c) A solution of phenylalanyl*-oxytocin, which was supplied by 
Sandoz Research Laboratories. The exact weight of analogue in solution is not known but 
when assayed by the makers the preparation had an antidiuretic activity in the rat of 6 u./ 
ml. compared with U.S.P. Standard Posterior Pituitary Extract but only 1 u./ml. of pressor 
activity when assayed on the spinal cat. In this paper, dosage when expressed in m-u. 
refers to the antidiuretic activity in the rat of 6 u./ml. 


The changes in electrolyte excretion occurring during and after these infusions have been — 


expressed by taking the difference between the mean rate of excretion (wequiv/min) during 
the control period and the mean rate during antidiuresis, and expressing it as a percentage 
of the control rate, In assessing these results it should be remembered that small errors in 
emptying the bladder, especially when the rate of urine flow is low, produce substantial 
errors in the apparent rate of electrolyte excretion. For example, an error of only 2 ml. 
during @ period of low urine flow can produce an error of 10-20% in apparent electrolyte 
excretion, It seems advisable therefore to regard changes of less than 40% as within 
experimental error. 
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_ Significant change in sodium or potassium excretion (Table 3). 
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RESULTS 
Effects of vasopressin 
Vasopressin was given during water diuresis to six male subjects, three 
receiving small doses (16, 22, 25 m-u.) and three relatively large doses 
(70, 100, 110 m-u.) (Table 1). All subjects had a definite antidiuresis lasting 
for more than 60 min. There was no significant change in sodium, potas- 
sium, or, in four subjects, chloride excretion. The apparently larger falls of 


sodium and potassium excretion in subjects R.F. and R.W. may be 


related to the marked reduction of urine flow, as suggested for a similar 
finding by Chalmers ef al. (1951). 


Effects of oxytocin 

Oxytocin was given on eighteen occasions to sixteen male subjects and 
one female subject (N.M.) during water diuresis. A definite antidiuresis 
was seen in all except two experiments (Table 2). Subject A.B. who re- 
ceived 1100 m-u. over a period of 30 min had poor control of bladder 
emptying but the average rate of urine flow tended to decline throughout 
the experiment. Subject R.F. was studied on two occasions; when given 
only 100 m-u. of oxytocin no significant change in urine flow was seen, 
but in a later experiment, when he was given 1000 m-u. a definite anti- 
diuresis was observed. When the hormone was given over a short period 
(10-20 min) the onset of antidiuresis occurred within 10min of commencing 
the infusion and usually lasted only 20-40 min. From a comparison of 
Tables 1 and 2 it can be seen that the antidiuresis produced by doses of 
200-3000 m-u. oxytocin is generally less than that produced by 16-110m-u. 
vasopressin. When the antidiuretic actions of 500 m-u. oxytocin and 25m-u. 
vasopressin were compared in the same experiment (Fig. 2) the effect: 
of the vasopressin was much larger and more prolonged. In this experi- 
ment the hormones were given by intravenous injection lasting only 
2 min so that the time of onset and the duration of the antidiuresis could 
be defined more clearly. From a comparison with Table 2 it can be seen 
that the antidiuretic effect of 25 m-u. vasopressin would be roughly 
matched by 2500 m-u. oxytocin (compare subject 8.L. Table 1 and sub- 
ject A.M. Table 2). The changes in electrolyte excretion were not signi- 
ficant (Table 2). In the fifteen subjects in whom it was measured chloride 
excretion closely followed that of sodium so that only the changes in 


‘sodium and potassium have been shown in the tabulated results. 


Three male subjects were given oxytocin during periods of low urine 
flow (1-3 ml./min). There was no change in the rate of urine flow and no 
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Fig. 2. Comparison of the effects of intravenous injection of oxytocin and of vaso- 
pressin on urine flow during water diuresis in the same experiment. 


TABLE 3. Changes in electrolyte excretion in 3 subjects given oxytocin during a 
period of low rate of urine flow (1-3 ml./min) 
Electrolyte excretion (wequiv/min) 


Na K 
Subject ‘Change Change 
(wt. kg.) (m-u.) Before During (%) Before During (%) 
K.T. (71) 700 333 334 0 75 74 —l 
W.T. (87) 750 226 230 «© +2 96 91 —3 


J.R..(80) 800 177 187 +6 181 170 


Effects of mixtures of oxytocin and vasopressin 

Mixtures of oxytocin and vasopressin, usually in the ratio of 25:1, 
were given to six male subjects and one female subject during water 
diuresis and to three male subjects during a period of low rate of urine 
flow. No significant changes in sodium or potassium excretion were seen 
(Table 4). 

Effects of phenylalanyl>-oxytocin 

Phenylalanyl*-oxytocin had a definite antidiuretic effect in all eight 
subjects to whom it was given (Table 5). The antidiuretic effect of oxytocin 
or vasopressin when tested as a continuation of the same experiment 
in these subjects is shown in Tables 1 and 2. The results in subjects 
R.B., S.L., and V.L. indicate that. 0-0027—0-0042 ml. (16-25 m-u. of anti- 
diuretic activity when compared with U.S.P. Posterior Pituitary Extract 
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in the rat) of the solution of the analogue had an antidiuretic effect 
similar to 16-25 m-u. vasopressin, but the effect of vasopressin lasted rather 
longer. Doses of 200-650 m-u. oxytocin when compared with 0-0033- 
00125 ml, (20-75 m-u. of antidiuretic activity) phenylalanyl*-oxytocin 
solution had a smaller effect (subjects W.T., S.L., J.C.,J.H.,P.H. and §.T.). 
The effect of 0-005 ml. (30 m-u. of antidiuretic activity) is more closely 
matched by 2500 m-u. oxytocin (Table 2) suggesting that in respect of 
their antidiuretic action in man 0-005 ml. of phenylalanyl?-oxytocin 
solution, 2500 m-u. oxytocin, and 20 m-u, vasopressin are equally effective, 

As with oxytocin and vasopressin the changes in electrolyte excretion 
produced by the analogue (Table 5) were insignificant and showed no 
consistent direction of change. No changes in heart rate or blood pressure 


_ were observed during any of these experiments. 


DISCUSSION 
Effects of vasopressin 

The antidiuretic action of vasopressin is well known and is reported 
here mainly to provide a comparison for the antidiuresis observed with | 
oxytocin and with phenylalanyl*-oxytocin under similar experimental 
conditions, Although increases of sodium and potassium excretion after 
vasopressin have been reported in the rat (Anslow & Wesson, 1955) and 
the bitch (Brooks & Pickford, 1958) the results in Table 1 and those of 
Black & Thomson (1951), Chalmers et al. (1951) and Murphy & Stead 
(1951) indicate that it has no direct effect on electrolyte excretion in man, 


Effects of oxytocin and of mixtures of oxytocin and vasopressin 

The finding of a definite antidiuretic action of oxytocin in man does not 
appear to have been reported before. Chalmers ef al, (1951) stated that they 
observed little antidiuretic effect after 50-200 m-u. Pitocin given intra- 
venously to normal human subjects, although their figures do suggest a 
definite fall in urine flow in some subjects. In the present study the one 
subject who only received 100 m-u. oxytocin did not show any change in 
the rate of urine flow, but with doses of 200 m-u. or more only one out of 
seventeen failed to show a definite antidiuresis. It is difficult to relate 
the doses of oxytocin used in these experiments to the amounts secreted 
physiologically as neither the amount of the hormone released from the 
pituitary nor the normal blood levels are precisely known. One of the most 
accurate estimates of normal blood levels is that of Bissett & Lee (1957) 
who found oxytocie activity of up to 0-4 m-u./ml. in the peripheral blood 
of conscious subjects during cardiac catheterization. A rapid intravenous 
injection of 1000 m-u. oxytocin would give an approximate blood level of 
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0-2 m-u./ml. but with infusions lasting 10-20 min this level would not 
be attained owing to destruction or excretion of the hormone. Thus in 
these experiments the doses of oxytocin were such as might be released 
endogenously. However, oxytocin is so much less active than vasopressin 


as an antidiuretic that it would seem unlikely that it has any importance 


during physiological antidiuresis. 

The mechanism of the reduction of urine flow by oxytocin is unknown. 
The similarity of the structure of the two hormones would suggest that 
oxytocin acts at the same site as vasopressin, namely the renal tubule. 
However, preliminary studies of endogenous creatinine clearances in three 
subjects and inulin and p-amino-hippuric acid clearances in one subject 
have indicated a reduction of glomerular filtration rate and renal blood 
flow, so that an action on the renal circulation may be at least a factor in 
reducing the rate of urine flow. This would be in contrast to the antidiure- 
filtration rate or renal blood flow occurs (Maxwell & Breed, 1951). 

One of the main reasons for undertaking this work was to see whether 
oxytocin and, in view of the work of Brooks & Pickford (1958) in the bitch, 
more especially mixtures of oxytocin and vasopressin have any action on 
urinary electrolyte excretion in man. Like Chalmers ef al. (1951), who 
used rather smaller doses, and Brunner et al. (1957), who used larger 
doses but by the subcutaneous route, I have been unable to demonstrate 
any increase in sodium, chloride or potassium excretion after the 
administration of oxytocin. This was so whether the rate of urine flow 
was high or low. Similarly, mixtures of oxytocin and vasopressin also 
failed to reveal any consistent change in urinary electrolyte excretion 
either at high or low rates of urine flow, although doses of the hormones 
used in this study are of the same order, on a body weight basis, as those 
used by Brooks & Pickford (1958). The difference in the results cannot be 
attributed to a difference in sex of the experimental subjects, since the one 
female in this series and the three studied by Brunner et al. (1957) gave 
results no different from the males. Brooks & Pickford (1958) give evi- 
dence that the effect. of oxytocin which they observed was'not due to 
a direct action on the kidney, but involved some central response to the 
hormone, and this may be the explanation of a difference between the 
two species. 


Effects of phenylalanyl*-oxytocin 
Since the recognition of the structure of the neurohypophysial hormones 


it has been important to relate their structure to their biological actions. 
These results offer some confirmatory evidence in man of the suggestion 


by Berde et al. (1957) and Konzett & Berde (1959) from animal experi- 
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ments that the intact pentapeptide ring of vasopressin is essential to its 

strong antidiuretic activity. The relatively poor antidiuretic action of 

oxytocin appears to be related to the alteration of the structure of this 

ring, 
SUMMARY 

1. The effect of intravenous infusions of the neurohypophysial hormones 
oxytocin and vasopressin and of the phenylalanyl® analogue of oxytocin 
on urinary excretion of water, sodium, chloride, and potassium has been 
studied in seventeen male and one female normal human subjects. 

2. Oxytocin in doses of 200-3000 m-u. was found to have a significant 
antidiuretic effect on a water diuresis. 

3. No consistent changes in urinary electrolyte excretion could be de- 
monstrated with either vasopressin, oxytocin or mixtures of the two. This 
was so at both high and low rates of urine flow. 

4. Phenylalanyl*-oxytocin has been found to have the high antidiuretic 


activity in man which would be expected from its known activity in the 


rat. It had no significant effect on urinary electrolyte excretion. 
This work was done during tenure of a Sandoz Research Fellowship. 
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From a comparison of the action of sympathomimetic amines in normal 
animals and in animals treated with reserpine, we were led to the conclusion 
that some of the simpler amines, such as tyramine, act by liberating nor- 
adrenaline from a store in the neighbourhood of sympathetic nerve 
endings (Burn & Rand, 19586). The presence of noradrenaline in the walls 
of arteries and veins was demonstrated by Schmiterléw (1948) and by 
von Kuler & Purkhold (1951) in the spleen, the liver, the kidneys and the 
salivary glands. Treatment of animals with reserpine has been shown to © 
cause a disappearance of the extractable noradrenaline from the heart 
(Bertler, Carlsson & Rosengren, 1956) and from the blood vessels, 
spleen and iris (Burn & Rand, 1957, 1958a, 1959). Sympathomimetic 
amines such as tyramine lost their action in animals treated with reserpine, 
but this action was restored following an infusion of noradrenaline into 
a vein. We concluded that the infusion of noradrenaline had replaced 
some of the noradrenaline in these organs. 

In order to obtain information on the role of the noradrenaline normally 
present in the vessel walls, we have studied the vasoconstriction caused 
by sympathetic stimulation before and after the infusion of noradrenaline. 


METHODS 

Experiments have been made on dogs anaesthetized with chloralose 80 mg/kg after 
preliminary ether anaesthesia. After evisceration the lumbar vessels and sympathetic 
chain were divided between ligatures at the level of L4. The peripheral end of the sympa- 
thetic chain was threaded into the electrodes shown in Fig. 1, which were designed and 
made by Mr O. B. Saxby. The part of the chain enclosed in the electrodes was irrigated 
throughout the experiment with oxygenated Krebs’s solution flowing from a reservoir at. 
37° C through the polythene tube E at a rate controlled by a drip. As the irrigating solution 
left the electrodes it was removed by another tube connected to a suction pump. For 
stimulation, square wave pulses of 2 msec pulse width were applied at a rate of 25/sec for 
periods of 10 sec or less. Vasoconstriction was recorded by measuring either volume changes 
or the venous outflow during perfusion of the leg. 

Plethysmographic recording. The right hind leg of the dog was enclosed in a metal plethys- 
mograph with a thin latex lining, filled with water at 37°C and connected to a piston 
recorder sufficiently sensitive to record the change in volume of the leg with each heart beat. 


a 
owe 
a 
4 ‘el 
3 
4 4 
q 
ex 


296 J.H. BURN AND M.J. RAND 


In some experiments blood was collected from a second dog into a vessel containing hepa- 
rin, and put into a Marriotte bottle of 11. capacity. A cannula of as wide diameter as pos- 
sible was tied in the left external iliac artery of the dog used for the experiment and was 
connected to the bottom opening of the Marriotte bottle. The air space above the blood in 
the bottle was continuous with the air in a 201. stone bottle, in which an air pressure was 
maintained equal to the dog’s blood pressure, This device prevented variations in the dog’s 
blood pressure. 


Az 
ZZ 
-G 


Fig. 1. Diagram of electrodes, A is twin 7/42 copper, flat laid, screened PVC 
sheathed cable. B is platinum wire, 035mm. C, is a glass tube 20cm long, 
outside diameter 6mm. E is polythene tube 1 mm bore (Allen and Hanburys, 
No. 2). F is @ cleaning hole, normally plugged. G is the nerve. 


Perfusion of hind leg and recording of venous outflow. A dog under ether anaesthesia was 
bled into a vessel containing heparin and its lungs were then perfused with the blood, with 
a Dale-Schuster pump. This perfusion was continuous until the leg of a second dog was 
ready. The second dog was eviscerated under ether, and a cannula was tied in the left 
external iliac artery pointing to the bifurcation of the aorta. The aorta itself was tied below 
the origin of the two external iliac arteries and ligatures were also put in place around the 
aorta above the bifurcation. The right sympathetic chain was prepared for stimulation as 
already described, and mass ligatures were put in position so as to enclose the whole cross- 
section of the body wall about the level of the kidney. At a given moment the aorta was 
tied above the bifurcation, and a cannula was then tied in the inferior vena cava. The per- 
fusion of the right hind leg was begun through the left external iliac artery by means of a 
second Dale-Schuster pump. The delay between arrest of the natural circulation and the 
start of the perfusion was usually 3 min. The mass ligatures were tied. The venous outflow 
was recorded with a Stephenson (1949) recorder. When the sympathetic chain was stimu- 
lated, constriction was recorded by the rise of pressure in the arterial cannula and by the 
fall in venous outflow. No anaesthetic was present during the observations; they were made 
1-2 hr after the ether used during the preparation had beén discontinued. 
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RESULTS 
Experiments with atropine 
Plethysmographic recording. Since the effects of sympathetic stimulation 
in the dog’s hind leg include vasodilator as well as vasoconstrictor changes 
(Burn, 1932a), the experiments were first made in the presence of 
atropine so as to exclude the vasodilatation produced by the cholinergic 


sympathetic fibres. The results shown in Fig. 2 illustrate the findings. At 


(a) the effect of stimulating the lumbar sympathetic chain for 10 sec is 
shown. When the strength of current was 0-3 mA, there was no effect; 


Fig. 2. Dog under chloralose. The upper record shows changes in volume of the 
right hind leg. At the arrows the right lumbar sympathetic chain was stimulated 
for 10 sec with square-wave stimuli of frequency 25/sec, duration 2 msec and of 
strength shown at the foot of the record. The lower record is the blood pressure. 
Observations were made in the presence of atropine. (a) shows that initially the 
threshold strength was 0-34 mA. Between (a) and (b) an infusion of 0-2 mg nor- 
adrenaline was given. (b) shows that the effect of 0-34 mA was greatly increased 
and (c) shows that the threshold was 0:06 mA. (d) shows that 30 min later the 
effects of 0-24 mA and of 0-15 mA were greater than in (6). ? 


at 0:34 mA there was a trace of constriction; at 0:38 and 0-43 mA the 
constriction was progressively greater. The threshold strength therefore 


_ was 0-34mA. Between (a) and (b) an intravenous infusion of 0-2 mg 


noradrenaline was given during 20 min. Sympathetic stimulation was then 
much more effective. The previous threshold strength, 0-34 mA, now 
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caused a large vasoconstriction, and the threshold strength (c) was reduced 
to 0:06 mA. After a further period of 30 min the effect of 0-24 mA, shown 
in (d), was greater than in (b), but the threshold remained a‘ 0-06 mA. 
In the experiment described there was a rise of blood pressure during 
the infusion of noradrenaline; when the infusion was stopped the blood 
pressure fell to a lower level than before the infusion. However, the same 
result was obtained when these pressure changes were prevented by 
the use of a constant-pressure reservoir connected to the left external 


Fig. 3. Observations as in Fig. 2. In this experiment the blood pressure was kept 
approximately constant during and after the infusion of 1-0 mg noradrenaline by 
connecting the left external iliac artery to a reservoir of blood under pressure. (a) 
threshold strength was 1-05 mA before the infusion of noradrenaline. (b) thres- 
hold strength was 0-15 mA after the infusion. 


iliac artery. Such an experiment is shown in Fig. 3. Before the infusion 
of noradrenaline (at a) the threshold strength was 1-05 mA and 0-6 mA 


was without effect. Greater effects were observed with 1-35 and 1-8 mA. 
‘ After the infusion of 1-0 mg noradrenaline (at b) the threshold was 
reduced to 0:15 mA and the effect of 0-6 mA was greater than that of 
1-8 mA before the infusion. | 

Table 1 shows the reduction of the threshold observed in seven experi- 
ments in which the plethysmograph was used, the threshold being reduced 
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to a percentage of the initial value varying from 14 to 75. In many experi- 
ments it was observed that the greatest fall in threshold did not occur 
immediately the infusion of noradrenaline was terminated, but after a 
delay of 30-60 min. 

Perfusion of hind leg and recording of venous outflow. The effect of nor- 
adrenaline infusion is shown in Table 1 and Fig. 4. Table 1 shows the fall 
in thresholds in two experiments after noradrenaline infusion. Figure 4 
shows an experiment in which the same strength of stimulation, 3-2 mA, 
was applied throughout. The effect of stimulation was small and declined 
during the course of the perfusion. The effects of the last two stimulations 
before the noradrenaline infusion are shown at (a) and (b). Between (b) 
and (c) 0-15 mg noradrenaline was infused. When the infusion was stopped 


TABLE 1. Effect of noradrenaline infusion on threshold strength of sympathetic 
stimulation for vasoconstriction. Observations in presence of atropine 


Threshold 
Initial strength 
threshold Noradrenaline after Threshold B 
Type of strength (A) infusion infusion (B) as % of 
experiment (mg) ) threshold A 
Plethvsmograph 1-05 1-0 0-15 14 
0-77 1-0 0-38 50 
1-16 0-025 0-87 75 
1-02 0-2 0-27 26 
0-42 0-175 0-27 64 
0-19 0-25 0-08 42 
| 0-34 0-2 0-06 29 
Perfusion 1-28 3-2 0-92 72 
0-79 ; 0-64 0-51 64 


and the pressure in the arterial cannula had once more returned to its — 
initial level, stimulation had an increased effect, but with repetition of 
stimulation the effect became progressively weaker (c). This decline of the 


effect was not observed in the plethysmograph experiments on dogs under 


chloralose and may be explained if the uptake of noradrenaline was rela- 
tively small for lack of some other substance in the perfusion circuit 
necessary to hold noradrenaline in the store. Thus, in the adrenal medulla 
noradrenaline and adrenaline are held in granules in which they are bound 
to adenosine triphosphate (Blaschko, Born, D’Iorio & Eade, 1956). 

Effect of adrenaline. In three plethysmograph experiments 0-25 mg adre- 
naline was infused instead of noradrenaline. There was a fall of threshold 
to 80% in one experiment, no change in a second, and a rise in a third 


_ experiment in which a fall of threshold was subsequently produced by an — 


infusion of noradrenaline. Thus adrenaline was less effective than nor- 
adrenaline in lowering the threshold. A similar difference was obtained 
in experiments in which restoration of the pressor action of tyramine was 


‘ass (to be published). 
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Fig. 4. Perfusion of dog’s hind leg. (a) and (6) show effect of stimulating lumbar 
sympathetic chain for 0-5 min with a frequency of 25/sec, duration 2 msec and 
strength 3-2mA. Between (6) and (c) an infusion of 0-15 mg noradrenaline was 
given. (c) shows the greater effect of the same stimulation, the increase diminishing 
with successive stimulations. 


Experiments without atropine 

Figure 5 illustrates a plethysmograph experiment in which the effect 
of an infusion of noradrenaline was examined without the use of atropine. 
The effect of stimuli of increasing strength before the noradrenaline in- 
fusion are shown at (a) and (b). A stimulus of 0-6mA caused vasodilata- 
tion; one of 1-0 mA caused dilatation interrupted by constriction; and 
stimuli of 1-8 and 2-25 mA caused constriction only. After the infusion 
of 1 mg noradrenaline, during which the blood pressure was maintained 
constant by the use of the reservoir, the stimuli of 0-6 and 1-0 mA both 
caused dilatation followed by constriction. The stronger stimuli of 1-8 
and 2-25mA both caused constriction followed by dilatation, the con- 
strictor phase being less than the constriction caused by the same stimuli 
before the noradrenaline infusion. Thus the infusion of noradrenaline 
appeared to increase the dilator effect of these stimuli to an extent whig 
masked the increase in the constrictor effect. 

In perfusion experiments in which atropine was not given the results of 
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Fig. 5. Observations similar to those in Fig. 3 but made without atropine. (a) and 
(6) show the change in the response with increasing strength of stimulation from 
dilatation to constriction. Noradrenaline 1:0 mg was then infused. In (c) the 
effects of 0-6 mA and 1-0mA were now dilatation followed y constriction, the 
effects of 1-8 and 2-25 mA were constriction followed by dilatation. 
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sympathetic stimulation were often a mixture of constriction and dilata- 
tion as is shown in Fig. 6. In (a) stimulation caused initial constriction, 
then dilatation and then further constriction. After the infusion of nor- 
adrenaline (b) the stimulation caused a more prolonged constriction with- 
out dilatation, which was probably masked. This result is consistent with 
the view that the noradrenaline infusion increases the constrictor response. 


Fig. 6 7 Fig. 7 
Fig. 6. Perfusion of dog’s hind leg. (a) initial responses were constriction with an 
intermediate phase of dilatation, (b) after the infusion of noradrenaline 0-25 mg, 
the constriction was now greater and masked the phase of dilatation. “ 


Fig. 7. Plethysmograph observations on the dog’s hind leg after removing the 
skin. (a) strength of stimulus 0-44 mA, causing dilatation only. (6) 0-65 mA 
dilatation followed by constriction. (c) 0-44mA applied after a 0-25 mg nor- 
adrenaline infusion caused a greater dilatation than in (a), followed by constriction. a 


Since Biilbring & Burn (1935) showed that the dilator response to 
sympathetic stimulation was greatest in the skinned limb, we have also 
made observations in the hind leg of the dog after removing the skin. 
Figure 7 shows the plethysmograph record of a skinned leg, which responded 
to the stimulus of 0-44 mA strength with dilatation (a), and to the stimulus 
of 0-65 mA with a slightly greater dilatation followed by constriction (b). 
After an infusion of 0-25 mg noradrenaline, stimulation with 0:44 mA 
caused a still greater dilatation followed by constriction (c). Thus the 
noradrenaline infusion again increased both the dilator and the constrictor 
pone of the response. 
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DISCUSSION 

The experiments described in this paper were prompted by observations 

(Burn, 1932a) that the vasoconstrictor effect of sympathetic stimulation in 
the perfused hind leg of the dog was increased when adrenaline was added 
to the perfusing blood. The effects observed were not great and were in 
the main found only when the adrenaline was actually present (Burn, 
1932a). In more recent work we have found that when noradrenaline 
was used instead of adrenaline the constrictor action of tyramine was 
increased after the addition of noradrenaline had stopped and when its 
direct effect on the vessels had disappeared (Burn & Rand, 1958b). The 
present experiments have shown that, when vasodilator effects were 
excluded by atropine, the threshold strength of stimulus applied to the 
sympathetic chain for vasoconstrictor effects was reduced in some experi- 
ments to as little as one-seventh of the previous value by an infusion of 
noradrenaline. 
- This change in threshold is an unusual phenomenon, which cannot be 
explained by any change at the site of application of the stimulus, since 
there was no circulation of blood through the chain at that point. The 
number of nerve fibres excited must therefore have been the same although 
the threshold fell after noradrenaline was infused. The following suggestion 
put forward earlier by one of us (Burn, 1932) for adrenaline is likely to 
apply to the results now obtained if noradrenaline is substituted for adrena- 
line: ‘If it is true that, when the sympathetic nerves are stimulated, adre- 
naline is liberated from the endings, then it is necessary to suppose that 
there is a store of adrenaline in the neighbourhood of the endings ready to 
be liberated when the sympathetic impulse arrives.... If now adrenaline 
is added to the circulation it may be supposed that the magazine or store 
at the end of each sympathetic nerve is replenished. . ..’ 

In 1948 Schmiterléw showed that noradrenaline could be extracted 
from blood vessels and in 1951 von Euler & Purkhold extracted it from the 
spleen, the kidh d other organs. This extractable noradrenaline is 
presumably the ts Von Euler (1956) has expressed the view that it is 
contained within the nerve terminations, since ‘no evidence has been 
obtained for the assumption that noradrenaline may be located outside 
the nervous tissue itself.’ This conclusion however led him to suppose 
that these nerve terminals might contain as much as 3-30 mg/g although 
the fibres of the splenic nerve outside the spleen contain only 15 yg/g. 
The view that the store of noradrenaline is within the nerves affords the 
simplest explanation for the disappearance of the store when the nerves 
degenerate (von Euler & Purkhold, 1951). 

Another possibility has arisen from the finding of chromaffin. cells in 
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human skin (Adams-Ray & Nordenstam, 1956; Burch & Phillips, 1958), 
Mr E. H. Leach has found similar cells in the skin of the rabbit ear (see 
Burn & Rand, 1958a), in the cat’s nictitating membrane and in the 
arrectores pili muscles of the cat’s tail. These cells disappear or lose their 
granules after the administration of reserpine or when the sympathetic 
nerves have degenerated, and in both circumstances the store of extract- 
able noradrenaline disappears (Burn, Leach, Rand & Thompson, 1959), 
It is thus a possibility that the store of noradrenaline in the neighbour- 
hood of sympathetic nerve endings is present in chromaffin cells. 

Whatever be the precise nature and location of the store, the fact that 
it can be replenished from noradrenaline circulating in the blood means that 
the post-ganglionic sympathetic adrenergic nerve endings differ from the 
cholinergic nerve endings at the neuromuscular junction, where the 
acetylcholine seems to be produced by the nerve terminal exclusively, 
_ Thus at thé post-ganglionic sympathetic nerve ending there is a mechanism 
for taking up circulating noradrenaline as well as for releasing it. 

_ We see in these observations evidence of a possible function for the 

noradrenaline secreted into the blood by the adrenal gland. There has 
hitherto been no satisfactory explanation of this secretion and it now 
appears that it might be secreted in order to fill up the stores at the sym- 
pathetic nerve endings. Adrenaline is much less effective as regards this 
function. We can see further that, if the activity of the adrenal medulla in 
releasing noradrenaline is excessive, the tone maintained by sympathetic 
impulses may also become excessive. 

The evidence further suggests that when noradrenaline disappears 
from the blood the disappearance may be partly due to its uptake and 
storage. Until now the natural assumption has been that when noradrenal- 
ine disappeared it was destroyed. This, however, is no longer the only 
possibility. | 

SUMMARY 

1. Experiments have been carried out in which the threshold strength 
of stimulation of the lumbar sympathetic chain for producing vasocon- 
striction in the vessels of the dog’s hind leg was determined. Vasoconstric- 
tion was measured by using a plethysmograph in the eviscerated and 
anaesthetized dog, and also by changes in arterial resistance and venous 
outflow in the perfused preparation. 

2. After an infusion of noradrenaline had been given and after the 
direct effect of the infusion had disappeared, it was found that the thres- 
hold of sympathetic stimulation was reduced, often considerably, and that 
the effect of a given strength of stimulus was increased. An infusion of 
adrenaline had little or no effect. , 
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3. It is suggested that the extractable noradrenaline present around 


sympathetie nerve endings forms a store from which noradrenaline is 


released by a sympathetic impulse. This store can also take up noradrenal- 
ine from the blood. The fall in the threshold following an infusion of 
noradrenaline suggests that before the infusion noradrenaline released by 
stimulation is at once returned to the store and is thus not available for an 
action on the effector organ, whereas after an infusion, when the store is 
full, the noradrenaline released is not taken up and therefore exerts an 
action. 


This work was done Mie’ the tenure by one of us (M.J.R.) of a Fellowship from the 
Life Insurance Medical Research Fund of Australia and’ New Zealand. We are greatly 
indebted to Mr H. W. Ling for his very valuable assistance. 
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The inhibitory effects of extracts of brain tissue on certain mammalian 
synapses, both peripheral and central, have been described by Florey & 
McLennan (1955a, 6). They showed that extracts containing Factor I, 
which was first recognized by Florey (1954) for its ability to inhibit the 
discharge of the crayfish stretch receptor neurone, could cause a reversible 
block of transmission in sympathetic ganglia and in the. monosynaptic 


reflex pathway of the spinal cord. Whereas the extract had to be applied 


topically to the exposed cord, ganglionic transmission could be blocked 
in vivo by close arterial injection into the ganglia or in vitro by topical 
application. 

Since then attempts have been made to identify the chemical entity 
responsible for these and other actions displayed by Factor I. Bazemore, 
Elliott & Florey (1957) adduced evidence for the presence in their extracts 
of y-aminobutyric acid (GABA), and showed further that this substance 
was highly active in blocking the crayfish stretch receptor neurone dis- 
charge. McLennan (1958) has demonstrated, however, that GABA is not 


always present in brain extracts possessing Factor I activity and he has 


also shown (1959) that paper chromatographic separation of Factor | 
yields two active fractions. The chromatographic characteristics of one of 


_these fractions are similar to those not only of GABA but also of B-guani- 


dinopropionic acid (BGPA) and of y-guanidino-butyric acid (GGBA), and 
the suggestion was made that these compounds might be present in the 
brain extracts as active ingredients when GABA appeared to be absent. 
It was established that both these guanidino acids are able to inhibit the 
crayfish stretch receptor neurone in concentrations approaching those 
required with GABA (see also, Kuffler & Edwards, 1958). Purpura, 
Girado, Smith, Callan & Grundfest (1959) have also demonstrated that 
the effects of these acids on the induced responses of the cerebral cortex are 
similar to those produced by GABA. : 
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Two other related compounds with certain inhibitory properties have 
been described in the literature. The first is L~y-amino-8-hydroxybutyric 
acid, which according to Hayashi (1959) is some fifty times more potent 
than GABA in preventing seizures induced by several different means. 
However, McLennan (1957) compared GABA and pL-y-amino-f-hydroxy- 
butyric acid in a number of situations and concluded that the latter acted 
qualitatively very similarly to GABA and was only about half as active. 
The other substance which has recently been shown to have some inhibi- 
tory actions is y-amino-butyrylcholine (GABCh). It has been reported by 
Kuriaki, Yakushiji, Noro, Shimizu & Saji (1958) to be present in brain. 
Takahashi, Nagashima & Koshino (1958) have reported that its topical 
application to the brain results in depression of evoked potentials in the 
sensory cortex and of thé ‘dendritic’ potentials observed with direct — 
cortical stimulation. 

In view of the fact that GABA, BGPA and GGBA may all be constitu- 
ents of Factor I preparations, we have compared their actions, and those of 
GABCh, with those of Factor I on different structures of the mammalian 
nervous system. The results of this work indicate that none of these com- 
pound can account for all the actions obtainable with Factor I preparations. 


METHODS 
Purification of Factor | 

One kilogram of fresh ox brain was boiled in water and dialysed, and the dialysate was 
concentrated in vacuo and treated with charcoal and perchloric acid (Florey & McLennan, 
19556). The concentrated dialysate was brought to pH 2-5 with HCl and poured into 10 vol. 
of absolute ethanol. The resulting precipitate was removed by centrifugation and the 
alcoholic solution was reduced to dryness in vacuo. 

Separation of the two active fractions of Factor I (McLennan, 1959) was achieved by 
applying an aqueous solution of the alcoholic residue obtained above to a cellulose column 
(60cm by 2-5cm diameter) and developing it with the top layer of an n-butanol: acetic 
acid: water (4:1:5 by vol.) solvent mixture. Effluent fractions of 10 ml. were collected. 
Portions (0-1 ml.) of these fractions were evaporated to dryness, dissolved in crayfish 
solution (van Harreveld, 1936) and assayed on the crayfish stretch receptor neurone 
(Florey, 1954). Concentrations of Factor I solutions are expressed in this paper in 
‘crayfish units reference’ (c.u.r.) as defined by Elliott & Florey (1956). A reference 
standard Factor I solution was prepared by boiling 100 g of ox brain in 100 ml. of water, 
homogenizing, and centrifuging the homogenate. The supernatant fluid was kept frozen 
except when samples of it were required for assay; for most crayfish this standard could be 
diluted one hundredfold and still produce inhibition of the stretch receptor neurone. It 
was, therefore, arbitrarily assigned an activity of 100 c.u.r./ml. and all Factor I activities 
expressed in this paper are referred to this standard preparation. 

The effluent fractions from the cellulose column possessing Factor I activity fell into two 
distinct groups. The fractions in each group were pooled and portions were developed on 
two-dimensional paper chromatograms. The solvents used were n-butanol:acetic 
acid: water (4:1:5 by vol.) mixture and 80% aqueous phenol, and the positions taken 
up by the Factor I activity were measured by cutting up and eluting the developed 
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chromatograms (McLennan, 1959), Fraction A had R, values in these two solvent mixtures of 
approximately 0-2 and 0-3, respectively, and fraction B 0-45 and 0-8. The pooled fractions 
from the columns were taken to dryness and dissolved in Locke’s solution for application 
to the mammalian nervous system preparations. 


Nerve preparations 

Monosynaptic reflexes were elicited in the cat anaesthetized with chloralose by applying 
electrical stimuli (3V, 0-1 msec, 1/10 sec) to a single dorsal rootlet. The femur was fixed 
with a pin and the movements of the lower leg were recorded with a spring myograph on a 
smoked drum. The vertebral column was opened from the dorsal side between L1 and L7 
and the spinal cord was exposed. by incising the dura. The cord was gently hooked up on 
thin glass rods to ensure that applied solutions reached all parts of it. 

The dissection of the inferior mesenteric ganglion of the rabbit and the method for 
recording from it in vitro have been described by Brown & Pascoe (1952). Stimulating elec. 
trodes were placed either on the inferior splanchnic or on the ascending mesenteric nerve, 
and recording electrodes on the ascending mesenteric nerve. One drop of the solution to be 
tested was applied to the ganglion. Maximal square-wave stimuli (15-20 V, 0-5 msec) were 

applied to the preganglionic nerve at a frequency of 30/min. 


— 


Fig. 1. The arrangement of electrodes used for stimulating the cortex and re- 
cording the evoked response a short distance away. The three stimulating electrodes 
(S) were of coated nichrome wire, 100 diameter; the single recording lead (R) was 
fixed in position 2mm from the stimulating electrodes, and was of silver, 150u 
diameter. 


Evoked potentials from the sensory cortex and the post-synaptic response of the 
nucleus gracilis were recorded from cats anaesthetized with Dial (allobarbitone; Ciba). 
The medulla oblongata and rostral end of the spinal cord were exposed and the cord was 
laid bare in the region of the second cervical root. Stimulating electrodes were applied to the 
dorsum of the cord at the lower level, and a monopolar recording electrode to the exposed 
nucleus gracilis. Thé skull overlying the contralateral sensory area of the cortex was removed 
anda second monopolar recording electrode was placed on the exposed brain. Maximal 
stimuli (3-4 V, 0-1 msec) were applied to the dorsal columns at a frequency of 1/sec and 
solutions were tested by placing two drops close to the recording electrode on the nucleus. 

_. Direct cortical responses were recorded from the motor area in anaesthetized cats. The 
electrode assembly shown in Fig. 1 was placed onthe exposed cortex and two drops of the 
solution to be tested were applied in the vicinity of the recording lead. 
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All electrical responses were displayed on a double-beam oscilloscope from which records 
were obtained photographically. A direct-writing oscillograph with a frequency response 
flat to — and a paper speed of 100 mm/sec was also used. 


RESULTS 
Directly evoked cortical potentials 

Iwama & Jasper (1957) and Purpura et al. (1959), who studied the effects 
of topically applied solutions of GABA on the response evoked in the 
cerebral cortex by stimulation of a nearby point, found that application of 
a 1% GABA solution resulted in abolition of the surface negative response, 
leaving only a positive deflexion. Purpura et al. have further reported that 
this property is possessed also by f-alanine, guanidinoacetic acid and 
BGPA, and that GGBA reduced the negative phase of the response and 
eliminated the appearance of the positive wave as well. 

These results have been essentially confirmed in the present study 
except that little inhibitory effect of GGBA on the surface positive wave 
was noted. Because of the difficulty of interpreting the positive poten- 
tial changes (see Elliott & Jasper, 1959) only changes in amplitude of the 
surface negative wave were measured, as this has been shown to be due | 
to excitation of structures near the cortical surface (Adrian, 1936). 

The results which we have obtained with inhibitory substances which 
block the surface negative waves are illustrated in Fig. 2. Within 10 sec 
of applying the solutions to the region of the recording electrode there 
was a drop in amplitude of the negative wave, due in part to the short- 
circuiting effect of the Locke’s solution. This effect was of brief duration 
only. Thereafter, when the applied solutions contained inhibitory sub- 
stances, the amplitude of the potential continued to decline, followed, in 
those cases where inhibition was not great, by partial recovery after some 
3-4 min. In all cases rinsing the cortical surface with Locke’s solution led 
to full restoration of the initial amplitude within 5-30 min. Application 
to the cortex of a 1% solution of GABA (equivalent to 3000 c.u.r. of 
Factor I/ml.) caused an immediate and sustained depression of the 
potential (9 in Fig. 2), and the same effect was observed after the applica- 
tion of 1% solutions of GGBA or of BGPA (each the equivalent of 
1000 c.u.r./ml.) Contrary to the report of Takahashi et al. (1958) no effect 
could be observed with GABCh, even in a 1 % solution. Both fractions of 
Factor I in concentrations of about 700 c.u.r./ml. caused sustained reduc- 
tions in the amplitude of the negative wave. Fraction A apparently had a 
more profound action on the cortex, since a threefold dilution resulted in 
only a small diminution of its inhibitory action, whereas the same dilution 
of fraction B reduced its activity to such an extent that the effect was 
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not only smaller, but also no longer sustained. Dilution of GABA to 

300 c.u.r./ml. reduced its effectiveness in a similar manner. : " 
Figure 2 illustrates the results of a typical experiment in which each 

inhibitory solution was applied to the cortex three times in a random order 
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Fig. 2. Time course of the depression of the negative potential of the cortex 
(evoked by a nearby stimulus), brought about by topical. application of the 
following solutions at zero time: (@) Control, and GABCh, 1%; (O) GABA, 0-:1% 
(300 c.u.r./ml.); (©) Factor I Fraction B, 250 c.u.r./ml.; (x) BGPA and GGBA, 
1% (1000 c.u.r./ml.); (() Factor I, fraction A, 240 c.u.r./ml.; (@) GABA, 1% 


(3000 c.u.r./ml.); (+) Factor I, fraction B, 750 c.u.r./ml.; (™) Factor I, fraction A, 
720 c.u.r./ml. 


during the course of the experiment. It was found that in any one experi- 
ment the degree of depression produced by a given solution was consistent, 
but that there was some variation between animals. Nevertheless, the 
same order of effectiveness was always observed; thus 1% GABA always 
gave a greater degree of inhibition than did 1% GGBA, but less than either 
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Factor 1 fraction (720 or’75Q c.u.r./inl.), etc. These comments on varia- 
bility apply also to the results on the other preparations described 
below. 

| Responses of a sensory pathway 

Application of fraction B of Factor I to the nucleus gracilis caused, after 
a brief transient depression observed also with Locke’s solution, a more 
prolonged inhibition in amplitude of the post-synaptic spike recorded 
from the nucleus and an associated reduction of the evoked potential of 
the sensory cortex (Fig. 3). These effects were always reversible even | 
when the area to which the solutions were applied was not rinsed, and they 


0-2 
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(b) 


10 msec 


Fig. 3. Potentials recorded from the nucleus gracilis (upper trace) and contralateral 
sensory cortex (lower trace). (a) Control; (b) 1 min after application of 2 drops of | 
Factor I, fraction B (500 c.u.r./ml.) to the nucleus. The incoming presynaptic 
spike in the nucleus is not shown in these records, being too large to appear at the 
gain used. 


were not associated with any change in amplitude of the presynaptic 
spike which is also recorded from the nucleus. The observed depressions | 
would therefore appear to be due to changes in the excitability of the post- 
synaptic cells in the nucleus, and the alteration in the cortical response is 
a direct consequence of this depression. 

Both Factor I fractions, GABA, BGPA and GGBA were all able to 
produce these effects, and characteristic results are illustrated in Fig. 4a 
and 6 (not from the same experiment as Fig. 3). In roughly equivalent 
concentrations (in terms of crayfish units) fraction B was considerably 
more active than fraction A, and none of the pure substances tested 
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approached it in potency when applied as 1% solutions. Again the 1%, 
solution of GABCh was found to be inert on this structure. 


Depression (% of initial amplitude) 


3S 


Time (min) 
Fig. 4. Typical time courses of depression of (A) the post-synaptic olten: of the 
nucleus gracilis and (B) of the associated evoked cortical potential, following 
application of the following solutions to the nucleus at zero time. (x) Control, and 
GABCh, 1%; (+) Factor I, fraction A, 720 c.u.r./ml.; GGBA, 1% and BGPA, 1%; 
- (@) GABA, 1%; (@) Factor I fraction B, 750 c.u.r./ml. 


M onceynaptic reflexes 

The inhibitory effect of solutions of Factor I on the monosynaptic 
tendon jerk reflexes of the spinal cord, and the antagonism of this inhibi- 
tory effect by the prior administration of subconvulsive doses of strychnine 
to the animal, have been reported by Florey & McLennan (1955)). 
The failure of strong solutions of GABA to produce any detectable effect 
on this reflex pathway has been demonstrated (McLennan, 1957), and Curtis, 
Phillis & Watkins (1959) have shown that GABA has only a non-selective 
depressant action on the spinal motor neurones when it is applied to their 
cellsomata electrophoretically. Inthe present experiments it was found that 
both fractions A and B of Factor I caused an immediate inhibition of the 
reflex extension of the cat’s hind leg which can be elicited by electrical 
stimulation of a sensory root (Fig. 5c and d). The inhibition was readily 
reversed when the surface of the cord was washed with Locke’s solution. 


Fig. 5a and b shows also that 1 °%/ solutions of GABA, GGBA and GABCh — 


were entirely without effect. 
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The two Factor I fractions differed, however, in their actions after 
strychnine. After the 1.v. administration of strychnine sulphate 0-05 mg/ 
kg, application of fraction A no longer caused any inhibition of the reflex 
(Fig. 5c), while an equal concentration, in terms of crayfish activity, of 


Fig. 5. Records of movements of the cat hind leg evoked by electrical stimulation 
ofa dorsal rootlet, 1/10 sec. At + , the following solutions were applied to the cord: 
(4) GABA, 1%; (6) GGBA, 1%; wash; GABCh, 1%; (c) Factor I, fraction A, 
300 c.u.r./ml.; wash; strychnine sulphate 0-05 mg/kg I.v.; repeat Factor I; (d) Fac- 
tor I, fraction B, 300 o.u.r./ml.; (e) Fraction B after strychnine sulphate 0-08 mg/ 
kg; wash. Note the post-inhibitory facilitation previously observed by Florey & 
McLennan (19555). 
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fraction B (300 c.u.r./ml.) was still effective, although it was noted that 
the time required for the development of complete inhibition after strych- 
nine was now prolonged (Fig. 5e). 


Inferior mesenteric ganglion 
It has been reported that the responses recorded from the post-ganglionic 
nerves leading from the inferior mesenteric ganglion of the rabbit in vitro 
are markedly inhibited by the topical application of Factor I solutions to 
the ganglion (Florey & McLennan, 1955a). This observation has been 
confirmed in the present series of experiments and Fig. 6 shows the time 
courses of depression of the response obtained in a typical experiment. 
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Fig. 6. Time courses of depression of the post-ganglionic response recorded in 
the ascending mesenteric nerve of the rabbit’s inferior mesenteric ganglion. 
Solutions were applied to the ganglion at zero time. (+) Factor I, fraction A, 
120 c.u.r./ml.; (@) GABA, 1%; GGBA, 1 %, GABCh, 1 %; ( x ) Factor I, fraction B, 

_ 125 c.u.r./ml. (©) Factor I, fraction B, 150 c.u.r./ml.; (©) Factor I, fraction A, 
180 c.u.r./ml.; (@) Factor I, fraction B, 190 c.u.r./ml.; (() Factor I, fraction B, 
250 c.u.r./ml.; (™§) Factor I, fraction A, 240 c.u.r./ml. 
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Both fractions of Factor I were able to bring about this effect, and equiva- 
lent concentrations expressed in terms of crayfish activity gave almost 
equal degrees of inhibition. 

Of the various pure substances which have been tested for their effects 
on this structure none has been found to have powerful or sustained 
actions. As is shown in Fig. 6, the application of 1 °% solutions of GABA, 
GGBA or GABCh resulted only in a small, transient depression of the 
post-ganglionic spike, a result which was obviously different from that 
observed after the application of Locke’s solution. These small inhibitory 
effects were spontaneously reversible, but the more profound depressions © 
observed with Factor I solutions were reversed only by rinsing the ganglion 
for 2-30 min. 

| DISCUSSION 

The present experiments are in agreement with conclusions reached in 
earlier work regarding the non-identity of Factor I and GABA. It is clear 
that some biological preparations which have been used in the past in an 
attempt to characterize the active components in brain extracts are 
relatively non-specific, for example, the crayfish stretch receptor neu- 
rone. The present results indicate that the same is true for the responses 
evoked in the Gerebral cortex by direct stimulation and those of the relay 
neurones of an afferent sensory pathway, although, in these cases too, 
GABA and Factor I have qualitatively similar effects, and although there 
is quantitative agreement when the effects are compared with those on 
the crayfish. Thus, for example, 1 c.u.r. of GABA assayed on the stretch 
teceptor is 3g (McLennan, 1957, 1959) while for cortical inhibition 
1 c.u.r. is equivalent to about 4 ug of GABA. 

Investigation of the chromatographic characteristics of the active 
material in Factor I responsible for inhibition of the crayfish stretch 
receptor neurone discharge resulted in the demonstration that there 
are at least two active components, and that one of them might be an 
w-guanidino acid, specifically either BGPA or GGBA (McLennan, 1959). 
These compounds were shown to be almost as active as GABA on the 
crayfish. In the light of the present results, however, it appears that these — 
acids resemble GABA in their actions more than they do Factor I, for they 
act similarly on the cortical responses and have a similar lack of effect 
on monosynaptic reflexes in the cord and on transmission in a sympathetic 
ganglion. 

Another compound which has been tested is GABCh, which has an effect 
on the stretch.receptor and strongly antagonizes acetylcholine on the sea 
urchin oesophagus (McLennan, 1959). It has been reported that this ester 
has a potent effect on evoked cortical potentials (Takahashi et al. 1958), 
but this observation:could_not be confirmed in the course of the present _ 
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work even when concentrations ten times higher than those of Takahashi 
et al. were used. The results of the present experiments together with 
those reported earlier make it extremely unlikely that this compound is 
involved in Factor I action. | 

In contrast to the similarities observed between Factor I and some of 
the synthetic compounds in their action on the sensory pathway and on the 
directly evoked cortical potentials, marked differences were found with the 
other two preparations. Thus transmission processes through the inferior 
mesen*ric ganglion of the rabbit and the monosynaptic reflex activity 
of the cat’s spinal cord were strongly inhibited by Factor I, but little or not 
affected by the synthetic compounds. In conformity with earlier work, 
then, all the actions of Factor I cannot be explained in terms of GABA, 
and the same is true also for the guanidino acids. The identity of the com- 
pounds responsible for the effects of Factor I on the cord and on the 
ganglion remains unknown. 

The observation that the action of Factor I solutions on monosynaptic 
reflexes is abolished by strychnine has been confirmed for fraction A of 
Factor I, whereas with fraction B only the time course of development of 
the inhibition was found to be prolonged. Part of the interest in Factor I 
lies in the possibility that it contains a transmitter substance active at 
inhibitory synapses, and Eccles (1957) has shown that subconvulsive 
doses of strychnine block the action of the physiological inhibitory path- 
_ way impinging upon the monosynaptic reflex arc. It is, therefore, reason- 
able to expect that strychnine might prevent the action of Factor I on 
the reflex also, if it does in fact contain an inhibitory transmitter substance. 
Kecles has further suggested that strychnine acts by a competitive in- 
hibition with the inhibitory transmitter at the subsynaptic membrane, 
ie. the concentrations of the drug and of the transmitter interacting will 
determine the final effect. It may be possible to explain the difference 
observed between fraction A and fraction B of Factor I in susceptibility 
to strychnine (on monosynaptic reflexes) on this basis. The suggestion 
is that fraction B may contain more material active on the cord than does 
fraction A, although the activities of the applied solutions towards the 
crayfish stretch receptor neurone are approximately equal. Thus the effect 
of applied fraction A might be completely prevented by strychnine, while 
that of B would be only delayed. It should be noted that the solutions of 
Factor I used in these experiments are stronger than those used earlier 
(Florey & McLennan, 1955b; McLennan, 1957). 
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shi 
rith SUMMARY 
1 is 1. The effects of brain extracts containing a principle causing inhibition 


of the discharge of the crayfish stretch receptor neurone (Factor I), and 
> of | of a number of pure compounds, have been compared on (a) directly 
the | evoked cortical potentials, (6) synapses in an afferent pathway, (c) a mono- 
the synaptic reflex arc, and (d) transmission in the inferior mesenteric ganglion. 
bee 2. The structures responsible for the directly evoked potentials in the 
ity | cortex, and the synapses in the nucleus gracilis are depressed by topical 
not } application of Factor I, y-aminobutyric acid, B-guanidinopropionic acid 
tk, } and y-guanidinobutyric acid. 

3. Monosynaptic stretch reflexes and transmission through the inferior 
m- | mesenteric ganglion are blocked by Factor I, but not by the pure com- 
the | pounds used. aos 

4. The activity of one fraction of Factor I is completely antagonized 
pti¢ | in the cord by strychnine, but that of the other is not. 

. of 5. y-Aminobutyrylcholine has been found to be inactive on the four 
tof | structures tested. 

6. It is concluded that none of the pure substances tested can explain 
» at | all the actions of Factor I. 


We are much to the Daiichi Seiyaku Pharmaceutical Co., Tokyo, for generous" 
supplies of y-ami yrylcholine. This work was supported by grants to one of us (H. McL.) 
ON- | from the National Ressarch Council of Canada and the Leon and Thea Koerner Foundation. 
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ELECTROPHYSIOLOGICAL EVIDENCE OF BARORECEPTORS 
IN THE PULMONARY ARTERY OF THE DOG 


By J.C. G. COLERIDGE anp C. KIDD 
From the Department of Physiology, School of Medicine, 
University of Leeds 


(Received 8 July 1959) 


There is evidence that reflex cardiovascular changes may be initiated 
by alterations in pulmonary arterial pressure (for references see p. 329); 
and endings, histologically similar to those in known baroreceptor areas, 
have been found in the pulmonary artery (e.g. Larsell & Dow, 1933; 
Takino, 1933; Nonidez, 1941). However, apart from the recording of 
impulses from a single receptor located in the pulmonary artery of a cat 
(Swan & Whitteridge, 1956), there has been no demonstration of the 
existence of such receptors by means of electrophysiological techniques. 

In the work to be reported here impulse activity has been recorded in 
vagal fibres whose endings could be located with certainty in the pul- 
monary artery. In preliminary experiments on cats we were able to con- 
firm the findings of Swan & Whitteridge (1956). The present account deals 
with experiments performed on dogs; for, technically, it is easier to locate 
receptors precisely in the larger pulmonary artery of the dog. A brief 
account of these findings has already been published (Coleridge & Kidd, 
1959). 

METHODS 


Experiments were performed on dogs (7:5—22-5 kg) anaesthetized with morphine sulphate 
(3 mg/kg subcutaneously) and 0-25 ml./kg (intravenously) of a 1:1 mixture of Dial Compound 
(allobarbitone-urethane, Ciba) and sodium pentobarbitone (Nembutal, Abbott Labora- 
tories Ltd.) solutions. 

A tracheal cannula was inserted, and the lungs were ventilated by a Starling ‘Ideal’ 
pump. The sternum was split in the mid line, and the internal mammary vessels were 
ligated and cut. The cut edges of the sternum were retracted widely to give a good exposure 
of the heart and great vessels. The pericardium was opened in the mid line. 

Respiration was recorded with an optical manometer (Coleridge & Linden, 1954) attached 
to a side arm on the tracheal cannula. In some experiments arterial-blood pressure was also 


- secorded optically from the ascending aorta with a cannula inserted through the left common 


carotid artery. 

Action potentials were recorded from afferent single-fibre preparations dissected from 
the cervical vago-sympathetic trunk by the technique previously described (Coleridge, Hem- 
ingway, Holmes & Linden, 1957). The action potentials were amplified by a conventional 
R-C coupled amplifier and were displayed with an e.c.g. on a double-beam cathode ray tube. 
By suitable optical systems a combined photographic recording was obtained of the two 
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oscilloscope traces, the beams from the optical manometers, a 50 c/s time trace and a signal 
marker. 

In some experiments infusions of saline (NaCl solution 0-9 % (w/v)) or dextran (6% (w/v) 
in NaCl rolution 0-9 % (w/v); ‘Dextraven’, Benger Laboratories Ltd.) at body temperature 
were made into the femoral vein. 

The site of a receptor, from which action potentials were being recorded, was explored 
first by temporary obstruction, in turn, of the main intrathoracic vessels. For this purpose 
soft string ligatures were placed round the origin of the main pulmonary artery, both lung 
roots and the ascending aorta; the ends of the ligatures were passed through short lengths 
of polythene tube to form snares. Further location was effected by distending the pul- 
monary artery with a balloon. This device, modified from the self-guiding catheter described 
by Lategola & Rahn (1953), consisted of two polyvinyl tubes (approximately 70cm long, 
bore 1-0 mm) cemented side by side. One tube served to distend the balloon which consisted 
of a condom teat fastened by thread. The other tube, the open tip of which lay immediately 
proximal to the balloon, was connected through a 3-way stop-cock either to a heparinized 
saline drip (Pularin Evans 5000 i.u./l., in NaCl solution 0-9 % (w/v)) or to a saline mano- 
meter. The collapsed balloon was inserted into either external jugular vein. Approximately 
1 ml. saline was injected into the balloon; then the catheter was pushed gently into the vein 
and the partially distended balloon was carried into the right heart by the blood. Its 
passage from atrium into ventricle and subsequently into the pulmonary artery was indi- 
cated by the pressure registered by the saline manometer. Once placed in the main pul- 
monary artery, the balloon was collapsed completely until required. 

Finally, the position of a receptor was determined accurately by careful exploration of 
the pulmonary artery with a fine probe immediately after the animal had been killed and the 
heart and great vessels dissected. 


RESULTS 


In twenty-nine instances impulses recorded from a slip of the vagus nerve 
were found to originate from receptors in the pulmonary artery between the 
main bifurcation and the lung roots. The discharges in these fibres were 
affected in characteristic ways by various experimental procedures. These 
are now described in the order in which they were usually applied i in the 
course of locating a receptor. 


Identification of pulmonary arterial fibres 

All pulmonary arterial receptors displayed a cardiac rhythm (e.g. 
Fig. 1), usually very similar to that of aortic baroreceptors (e.g. Fig. 3) 
in that the main discharge began in ventricular systole soon after the 
opening of the pulmonary and aortic valves, as judged by the relation of 
the discharge to the QRS complex of the electrocardiogram. 

Effect of occluding the main pulmonary artery. Occlusion of the main 
pulmonary artery near its junction with the right ventricle invariably 
reduced or abolished the discharge from a pulmonary arterial receptor 
(Fig. 2). Clearly this receptor was not in the right atrium or ventricle 
but lay beyond the occluding ligature. The pattern of discharge during the 
first 4-5 heart beats after release of the vessel was similar to that of an 
aortic baroreceptor. But in Fig. 2 it will be seen that the discharge 
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disappeared and reappeared with the first heart beat after obstructing and 
releasing the pulmonary artery; moreover, the impulse activity attained 
its maximum frequency in the first 1-2 beats after release of the ligature, 
thereafter the frequency rapidly diminished. Its behaviour thus differed 


| 
t 


Fig. 1. Fibres from two receptors in the pulmonary artery showing burst of im- 
pulses during ventricular systole. In this and subsequent figures the following 
abbreviations are used: e.c.g., electrocardiogram; P, action potentials from vagal 

slip; ¢, time trace (1/50 sec); R, tracheal pressure (upstroke representing inflation) ; 
S, signal marker. 


~ - 


Fig. 2. Effect of occluding main pulmonary artery on discharge from pulmonary 
arterial receptor. Records A and B are continuous. At 1 the ligature around the 

. proximal part of the main pulmonary artery was tightened; the ligature was re- 
leased at 2, | 


from that of an aortic baroreceptor, as shown in Fig. 3. With aortic 
receptors there was always a delay of several beats before occlusion and 
release of the pulmonary artery affected the discharge. 

These effects are in accordance with the results of other experiments 
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simultaneously. Occlusion and release of the pulmonary artery produced 
alterations in arterial pressure on the right and left sides of the heart 
whose time course was similar to that followed by the changes in impulse 
frequency recorded from the corresponding arterial receptors. 


Fig. 3. Effect of occluding main pulmonary artery on discharge from an aortic 
baroreceptor. Interval of approximately 1 sec between records A and B. At 1 the 
ligature around the pulmonary artery was tightened ; at 2 the artery was released. 


Fig. 4. Effect of occluding lung roots on discharge from receptor in pulmonary 
artery ; same fibre as in Fig. 2. Records A and B are continuous. At 1 the snares 
around both right and left lung roots were tightened (note increase in tracheal 
pressure during period of occlusion); the snares were released at 2. 


Effect of occluding the lung roots. All fibres whose impulse activity was 
not reduced or abolished by occlusion. of the main pulmonary artery were 
discarded. Remaining fibres were then investigated by tightening the 
snares placed round the lung roots and observing the response to the 
subsequent increase in pulmonary arterial pressure. The effects thus 
produced on the discharge from a receptor in the pulmonary artery are 
demonstrated by the records shown in Fig. 4. Although greatly increased 
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by occlusion of the lung roots, the discharge was still discontinuous and — 
showed a cardiac rhythm. By contrast, compressing the lung roots 
abolished the discharge from an aortic baroreceptor, as in Fig. 5. Since 
both pulmonary arteries and veins were included in the lung-root liga- 
tures, there was less delay before occlusion abolished the discharge from 
this receptor than had béen the case when the main pulmonary artery 
alone was occluded (Fig. 3). From the results depicted in Figs. 2 and 4, 
it was clear that the receptor was situated in the pulmonary artery 
between the conus and the snares around the lung roots. 


Fig. 5. Effect of occluding lung roots on discharge from an aortic baroreceptor ; 
same fibre as in Fig. 3. Interval of approximately 2 sec between records A and B. 
At'l the snares around both right and left roots were tightened (note increase in 
tracheal pressure during occlusion); at 2 the snares were released. 


Effect of distending a balloon in the pulmonary artery. External palpation 
of the intact artery was of little value in locating a receptor, because much 
of the vessel was obscured by adjacent structures. Some dissection, with 
the inevitable risk of damage to nerves, was necessary. But the chances 
of retaining an active fibre were increased when the approximate site of 
the receptor was first determined in the intact vessel by distension of the 
halloon. | 

When the balloon was placed in the main artery proximal to the bifur- 
cation, distension always reduced or abolished the discharge; hence all — 


‘the receptors were apparently at or beyond the bifurcation. Distension 


of the balloon in the right or the left pulmonary artery produced two main 
types of result. Thus, distension of a balloon placed in the left artery 
invariably led to an increase in the impulse frequency of a receptor in the 
right artery (Fig. 6). This was in accordance with the observation that 
obstruction of flow to one lung causes an increase in pressure in the main 
pulmonary artery (e.g. Carlens, Hanson & Nordenstrém, 1951). On the 
other hand, when balloon and receptor were in the same branch the 
response to distension varied with their relative positions. Sometimes the 


ced 
ulse 
€.C.g. 
S 
t 
€.c.g. 
2 
4 t 


324 J.C.G. COLERIDGE AND C. KIDD 


discharge just disappeared, when the receptor was distal to the balloon. 
On other occasions, distension of a balloon in the vicinity of a receptor 
caused an initial increase in the discharge, but with further distension 
the discharge was abolished, to return only when the balloon was finally 
collapsed (Fig. 7). This might have been due to the further distension 
displacing the balloon so that it moved proximal to the receptor. 


Fig. 6. Stages in the location of a pulmonary arterial receptor. A, inflation 
of balloon previously inserted into the left branch of the pulmonary artery; 
inflation started at 1. The obstruction of flow to the left lung produced an 
increase in the frequency of discharge from the receptor which was subsequently 
found to be situated in the right pulmonary artery. The animal was then killed, 
and the pulmonary artery opened. B and C show the discharge produced by 
punctate pressure (between 1 and 2) on the right pulmonary artery. 


Punctate location of receptors. The animal was killed and the right ven- 
tricle and pulmonary conus were opened. The balloon was left in situ 
to serve as a guide. The artery was opened gradually and the interior 
carefully probed with a fine glass rod to find the point from which a high- 
frequency discharge could most easily be elicited (Figs. 6, 8). It was 


essential to see clearly the region stimulated by the probe. To this end it 


was often necessary to dissect the ascending aorta and the superior vena 
cava (see Fig. 9), and in many cases the resultant damage to nervous 
structures caused action potentials to disappear before a epee had been 
located precisely. | 


Patterns of discharge in arterial fibres 


To determine accurately the distribution of the endings in the pulmo- . 


nary artery it was necessary to be able to move the balloon freely within 
the artery and to have ready access to the heart and great vessels. Conse- 
quently, no attempt was made to record pulmonary arterial pressure. 
Even so, the evidence suggested that in general the endings responded to 
the pressure within the pulmonary artery. Thus, the ventricular systolic 
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pattern of discharge seen in the majority of these fibres was similar to 
that recorded from aortic baroreceptor fibres (compare Figs. 1 and 3), 
and corresponded in time to the expected pressure variations in the pul- 
monary artery. Again, the changes in impulse frequency on occlusion of the 
pulmonary artery and lung roots were in the direction in which the 
arterial undoubtedly changed. 


1 sec 

Fig. 7. Stages in the location of a pulmonary arterial receptor. A and B, effect of 
occlusion (at 1) and release (at 2) of main pulmonary trunk. Interval of 
approximately 4 sec between records A and B. C and D, alterations in the im- 
pulse activity produced by distension of a balloon in the vicinity of the receptor 
in the left pulmonary artery. Interval of 2 sec between records C and D. Distension 
of balloon started at 1, deflation at 2. Note also pulmonary stretch fibre (smaller 
spikes) which shows increase in discharge on deflation of balloon. In A and C 
some of the spikes have been retouched to aid reproduction. 


However, unexpected patterns of discharge were found. For example, 
in the record shown in Fig. 2 there were occasional impulses during the 
P-R interval (i.e. synchronous with atrial systole), in addition to the main 
discharge starting in ventricular systole. In some instances the discharge 
during ventricular diastole was the most prominent. The pattern of dis- 
charge recorded when one fibre was first placed on the electrodes is shown 
in Fig. 8A; the discrete burst of activity starting in the P-R interval 
might well have been recorded from a type A receptor in the atrium or 
great veins (Paintal, 1953). -However, infusion of 200 ml. dextran solution 
intravenously produced a marked alteration in the discharge (Fig. 8B); 
and although impulses synchronous with the P-R interval soon returned 
after the end of the infusion, main activity now occurred during ventricular 
systole. Consequently, it seemed worth while to try the effects of occluding 
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the main pulmonary artery (Fig. 8C). The abrupt return of a high-fre- 
quency discharge in the cardiac cycle immediately after release of the 
ligature suggested that this receptor was probably in the pulmonary 
artery. This was confirmed by occluding the lung roots. The atrial systolic 
discharge was thought to be due to distortion caused by atrial contraction; 
for all endings showing such a discharge were found, when located pre- 
cisely, to be situated in the right branch of the pulmonary artery behind 
the superior vena cava (Fig. 8D). 


D R 


Fig. 8. Stages in the location of a pulmonary arterial receptor. <A, pattern of 
discharge recorded when the fibre was first placed on electrodes. B, after the in- 
fusion of 200 ml. dextran solution intravenously. C, effect of (1) occlusion and 
(2) release of the main pulmonary artery. D shows the discharge produced by three 
punctate stimulations of the interior of the right branch of the pulmonary artery | 
lying behind the superior vena cava after the animal had been killed, the pul- 
monary artery opened and the = vena cava cut away. 


Thus the pattern of discharge was affected not only by the nen of 
distension of the pulmonary artery but also by the position of the receptor 
in the artery. These results emphasize that a receptor cannot be assigned 
with certainty to a particular great vessel or chamber of the heart by 
inspection of the discharge and its relationship to the e.c.g.; it must be 
located by appropriate means in the animal with open chest. Such factors 
may have contributed to the previous paucity of information about 
receptors in the pulmonary artery. 

ry artery , 


Position of receptors in pulmonary artery 


Recordings were made from twenty-nine fibres whose endings were 
situated in the pulmonary artery between the ligatures at the conus and 
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those around the lung roots. In eighteen it was not possible to deter- 
mine the position of the receptor more precisely than this; for impulse 
activity disappeared before complete location had been achieved; but in 
the remainder the position of the receptor was determined precisely, as 
depicted in Fig. 9. All these eleven receptors were found in the vicinity 
of the main bifurcation, or in the right and left branches of the pulmonary 
artery between the bifurcation and the origins of the lobar branches. 


Left 
pulmonary 
artery 


Fig. 9. The position of eleven pulmonary arterial receptors whose location had 
been determined accurately by punctate stimulation after the animals had been 
killed and the pulmonary artery dissected. The ascending aorta and the superior 
vena cava (SVC) near its junction with the right atrium which lie anterior to the 
right pulmonary artery have been omitted for clarity. In addition note the single 
receptor on the right of the main artery; this was situated in connective tissue 
between the pulmonary trunk and the first part of the ascending aorta. 


Although some nerves were undoubtedly damaged in the final dissection 
of the pulmonary artery, our failure to find any receptors in the main 
pulmonary trunk proximal to the bifurcation cannot be thus explained; 
for the main artery was never opened until it had first been explored with 
a probe inserted through the right ventricle. Moreover, in the twenty-nine 
fibres, distension of a balloon in the main pulmonary artery never caused 
an increase in impulse frequency. 

An additional receptor was found in connective tissue between the main 
pulmonary trunk and the ascending aorta (Fig. 9). The alterations in 
impulse frequency on occlusion of different vessels had led us to believe 
that this receptor was situated in the wall of the pulmonary artery. It 
was approximately in the location of the paraganglion aorticum supra- 
cardiale (Penitschka, 1931; group 4 of the aortic bodies described by Howe, 
1956). However, at present we are unable to assess the significance of 
this single receptor. oe 

In early experiments single-fibre preparations were dissected from either 
right or left vagus nerves. But, because only one pulmonary arterial 
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fibre was found in the right vagus in these first few dissections, we sub- 
sequently recorded from the left vagus. This obviously precludes comment 
on the relative incidence of pulmonary arterial fibres in the two nerves. 
Nevertheless, we do not think that this probably premature exclusion of 
the right vagus from our investigation significantly affected the findings 
as to the apparent distribution of receptors within the pulmonary artery, 
because the left vagus carried fibres from both — and left arterial 
branches. 
DISCUSSION 

The present investigation has shown that the vagus nerves of the dog 
contain afferent fibres whose endings are situated in the walls of the pul- 
monary artery in the region of the main bifurcation and in the extra- 
pulmonary portions of the right and left branches, but not in the main 
pulmonary trunk proximal to its bifurcation. In this respect our findings 
are in agreement with most histological observations. 7 

Nettleship (1936) described a sensory plexus on the base of the pul- 
monary artery in the cat; and Boyd (1941) reported a few scattered 
endings of the baroreceptor type in the distal part of the pulmonary 
arterial trunk and in the proximal part of the right and left branches 
in the rabbit. Otherwise histological evidence of baroreceptors in the 
pulmonary trunk proximal to the main bifurcation is lacking. The endings 
described by Larsell (1921) and Larsell & Dow (1933) in the rabbit and 
man, respectively, were limited to the pulmonary arteries near the hilum 
of the lung. Nonidez (1935, 1941) stated that although in the guinea-pig, 
rabbit and cat endings of the baroreceptor type were to be found in the 
arterial ligament, there was a complete absence of receptors in the wall of 
the pulmonary trunk; and apart from some endings in the right artery in 
one kitten, the proximal parts of the main branches were equally devoid 
of receptors. In the dog, on the other hand, Nonidez (1941) found that 
the endings extended beyond the arterial ligament to form a baroreceptor 
area over the anterior surface of the pulmonary arterial bifurcation. The 
absence of receptors in the main pulmonary trunk of the rabbit, cat, dog 
and man was confirmed by Takino (1933) and Takino & Watanabe (1937). 
But in contrast to the findings of Nonidez, these workers described a 
wide distribution of baroreceptor endings on the right and left branches 
extending between the main bifurcation and the lung roots. 

It seems that the receptor area is not limited to the extrapulmonary 
vessels examined in the present investigation ; for similar endings have also 
been demonstrated histologically in the intrapulmonary branches of the 
artery (Dogiel, 1898; Larsell, 1921, 1922; Larsell & Dow, 1933; Takino, 
1933; Takino & Watanabe, 1937). Furthermore, impulse activity with a 
similar ventricular systolic discharge has been recorded in fibres arising 
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from what were believed to be vascular receptors in the lungs (Coleridge ; 
& Kidd, 19596). But it is not possible with electrophysiological methods 
to locate such intrapulmonary endings to a particular vessel, and they 
have been excluded from the present account which deals only with 
receptors whose situation could be determined precisely. 

In the present experiments many more aortic baroreceptor fibres were 
encountered in the vagus of the dog than fibres from the pulmonary artery. 
But fibres could be identified only when they were active; and in view of 
the sparse activity exhibited by some fibres (e.g. Fig. 4), it is possible that 
other pulmonary arterial fibres were completely inactive under the con- 
ditions of our experiments. The prolonged exposure of the heart with 
repeated occlusion of the great vessels undoubtedly caused some cardiac 
deterioration. The right ventricle was affected more than the left by these 
adverse conditions because the main pulmonary artery was the vessel 
most commonly occluded. And since pulmonary baroreceptor discharge 
was dependent upon the pressure developed in the pulmonary artery 
by right ventricular contraction, this may have accounted in part for our 
impression of the relative paucity of pulmonary as compared with aortic 
baroreceptor fibres. However, the histological evidence also suggests that, 
in contrast to the rich innervation of the arch of the aorta, baroreceptor 
endings are distributed quite sparsely in the wall of the pulmonary artery 
(Takino & Watanabe, 1937; Boyd, 1941; Nonidez, 1941). This raises the 
question of the functional significance of the pulmonary arterial receptors. 

Much evidence indicates that reflex changes can be elicited from the 
lesser circulation. Thus, cardiovascular and respiratory effects, resulting 
from stimulation of receptors in the lungs, can be elicited by injection of 
various chemical substances (reviewed by Dawes & Comroe, 1954). It has 
also been shown that a large increase of vascular pressure in a perfused 
lung may be followed by a reflex fall in systemic arterial pressure, brady 
cardia and variable changes in respiration (Churchill & Cope, 1929; 
Harrison, Calhoun, Cullen, Wilkins & Pilcher, 1932; Schwiegk, 1935; 
Schweitzer, 1936; Parin, 1947); but it was concluded that the receptors 
mediating these effects were mainly on the venous side of the pulmonary 
vascular bed (Daly, Ludény, Todd & Verney, 1937; Downing, 1957). 

On the other hand, Aviado, Li, Kalow, Schmidt, Turnbull, Peskin, Hess 
& Weiss (1951) reported that the receptors responsible for the bradycardia 
were in the pulmonary arterial trunk, although they agreed with previous 


workers that the sensory endings concerned in the hypotensive and re- 


spiratory changes were probably situated in the pulmonary veins. Takino 
& Watanabe (1937) described a reflex fall in systemic arterial pressure, 
and bradycardia, in response to electrical and mechanical stimulation of 
the pulmonary artery of the rabbit. It has also been suggested: that 
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receptors in the proximal part of the pulmonary artery may mediate the 
‘triad’ of hypotension, bradycardia and apnoea which follows injection 
of capsaicine in the dog (Pérsz4sz, Such & Porsz4sz-Gibiszer, 1957). Clearly 
such effects could be explained by the receptors now described, but their 
‘normal function remains quite unknown. 


SUMMARY 


1, Electrophysiological techniques have been employed in anaesthetized 
dogs to demonstrate baroreceptor endings in the pulmonary artery. 

2. Afferent impulses were recorded from single-fibre preparations dis- 
sected from slips of the cervical vagus. Receptors in the pulmonary 
artery were first located approximately by tightening ligatures placed 


around the origin of the pulmonary artery and around the lung roots. 


Further location was effected by distension of a balloon passed into the 
pulmonary artery from the external jugular vein. Finally, the position 
of a receptor was defined accurately by careful exploration of the 


pulmonary artery with a fine probe after the animal had been killed and. 


the heart and great vessels dissected. : 

3. All receptors so located were found in the vicinity of the main bifur- 
cation of the pulmonary artery, or in the right and left branches between 
the main bifurcation and the origins of the lobar branches. No receptors 
have so far been found in the pulmonary trunk proximal to the main 
bifurcation. 

4. Recordings made from several fibres whose endings were located in 
the pulmonary artery showed a ventricular systolic pattern of discharge 
similar to that recorded from aortic baroreceptor fibres. Other fibres 
showed unexpected patterns of discharge in addition. | 

While this manuscript was being prepared we were informed by Dr R. Bianconi and Dr 
J. H. Green that they have recently employed electrophysiological techniques to investigate 
pulmonary arterial baroreceptors in the cat (Bianconi & Green, 1959). We are indebted to 


Professor A. Hemingway and Dr W. J. O’Connor for helpful criticism of the manuscript. 
We also wish to thank Miss Barbara Thomas and Mr 8S. Stainthorpe for technical assistance. 
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THE EFFECT ON A MUSCLE TWITCH OF THE BACK- 
RESPONSE OF ITS MOTOR NERVE FIBRES 


By M. C. BROWN* anp P. B. C. MATTHEWS 
From the University Laboratory of Physiology, Oxford 


(Received 13 July 1959) 


When a muscle is activated by a single maximal shock applied to its 
nerve the resulting twitch may differ markedly from that produced by 
slightly asynchronous activation of the same muscle fibres. This surprising 
effect was discovered by Merton (1951, 1954), who showed that a ‘syn- 
chronous’ twitch is larger and lasts longer than a ‘desynchronized’ 
twitch, produced by splitting a maximal nerve volley into two half- 
volleys separated in time. On altering the time interval between the two 
half-volleys Merton found that the desynchronized twitch only began to 
become larger when the volleys were within 0-8 msec of each other, and 
he concluded that this effect of synchronization could not depend upon 
purely mechanical factors, such as those studied by Rushton (1932). He 
suggested instead that the propagation of the action potential along the 
different fibres was slowed when they were activated synchronously, and 
that this caused a prolongation of their ‘active state’. The difference 
between the synchronous and asynchronous twitches could, however, 
also be explained by supposing that the synchronous activation produces 
a brief tetanic contraction of some muscle fibres. This might indeed be 
expected to occur, for the summed action potentials of the muscle fibres 
may excite the motor nerve fibres (Lloyd, 1942; Leksell, 1945) and this 
ephaptically induced ‘back-response’ of the nerve fibres might be expected 
to re-excite the muscle fibres. The present paper and a preliminary 
communication (Brown & Matthews, 1959) show that this does happen 
and that the differences in the back-responses elicited by synchronized 
and desynchronized activations of the muscle explain the differences 
between the tensions developed in the two cases. 


METHODS 
The experiments were performed on cats. Fifteen cats were lightly anaesthetized with 
pentobarbitone sodium (Nembutal; Abbott Laboratories) given intraperitoneally, anc one 
was decerebrated. The soleus muscle and the medial head of the gastrocnemius muscle 
were studied, usually in separate experiments. Figure 1 shows the general arrangeme' of 
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‘the experiment used in each case: The muscle was attached to an isometric myograph, the 


output of which was displayed on one cathode-ray tube. The soleus muscle was dissected 
free from gastrocnemius, but the medial head of gastrocnemius was not separated from the 
lateral head of the muscle. The muscle nerve was dissected free from other nerve branches 
for several centimetres central to the muscle, and most other limb nerves were cut. The nerve 
was stimulated electrically by a square-wave stimulator which delivered pulses of about 
100 psec duration. The compound action potential so excited in the motor fibres was re- 
corded from the peripheral end of an appropriate ventral root and displayed on a second 
eathode-ray tube with a different sweep speed from that used to record the muscle contrac- 
tion. Both cathode-ray tubes could be photographed simultaneously. In some experiments 
the electromyogram was also recorded on one of the cathode-ray tubes. Exposed muscles, 
nerves and spinal roots were covered in liquid paraffin maintained at body temperature and 
initially equilibrated with 95% O,, 5% CO,. Further details of the apparatus have already 
been described (Matthews, 1959). 


Myograph 
Record from Stimulate 
ventral root muscle nerve 


Fig. 1. The experimental arrangement used for simultaneously recording the . 
contraction of the muscle and the back-response of its motor fibres. 


RESULTS 


Figure 2 a shows a typical record obtained from the $1 ventral root on 
stimulating the nerve to the medial head of gastrocnemius with a single 
shock. Following the stimulus artifact by 1-1 msec was the direct response 
of the « motor nerve fibres to the electrical stimulus; 1-8 msec later still 
there was an additional wave, which would be unusually large to be the 
response of the y motor fibres (cf. Leksell, 1945; Matthews & Rushworth, . 
1957) and which was abolished when the nerve was crushed between the 
stimulating electrodes and the muscle (Fig. 2d). It must therefore have 
been initiated by the activity of the muscle. Leksell (1945) called this 
wave the ‘back-response’ and agreed with Lloyd (1941, 1942) in concluding 
that it was set up by ephaptic stimulation of the « motor fibres by the 
summed action potentials of the muscle fibres. In the present experiment 
it was regularly shown to be conducted in the « motor fibres, for it could 
be abolished by rendering these fibres refractory by exciting them with a an 
appropriately timed second shock. 

As a single stimulus leads to both the direct response and the back- 
response in the nerve it is reasonable to suggest that the muscle is thereby 


also doubly excited. This will occur if the interval between the direct 
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response and the back-response is greater than the refractory period of the 
muscle, as tested by two shocks applied to its nerve. Figure 26 shows 
results obtained when the stimulus interval was 1-35 msec, which was the 
minimum required to produce a marked increase in the size of the twitch 
(see also Fig. 8). Figure 2c shows the response of Fig. 2b superimposed on 
that of Fig. 2a, and confirms that the refractory period of the muscle was 
less than the time interval between the diréct response and the back- 
response. The recorded interval between the direct response (D.R.) and 
the back-response (B.R.) should not, however, be compared directly with 
the refractory period of the muscle. For in the region of nerve between 
the stimulating electrodes and the muscle this D.R.—B.R. interval pro- 


d 


potential which was late enough to re-excite the muscle. Simultaneously obtained 
_records of the contraction of the medial head of gastrocnemius (above), and of 
the action potential of its motor fibres (below). a, b, c, muscle nerve intact; a, single 
maximal shock to nerve giving a direct response followed by a back-response ; b, two 
maximal shocks, the second occurring just late enough to .re-excite the muscle; 
c, the responses of a and b superimposed; d, single shock, nerve crushed between 
the stimulating electrodes and the.muscle in order to abolish the back-response. 
(All records in this and later figures consist of 6 superimposed sweeps. The con- 
duction distance from the stimulating cathode to the muscle was 0-7 cm and to 
the recording electrode was 17-0 em. Spikes retouched.) 


gressively decreases, because the action potentials are there travelling in 
opposite directions. The minimum D.R.—B.R. interval must occur at the 
place on the nerve, somewhere in the muscle, where the back-response is 
initiated. It may be determined to a first approximation by subtracting 
from the observed interval twice the calculated conduction time from the 
stimulating electrodes to the muscle (estimated from the conduction velo- 
_ city from the stimulating electrodes to the ventral root). In the experiment 
of Fig. 2 this correction was only 0-1 msec and the minimum B.R.—D.R. is 
therefore 1:7 msec, which was appreciably longer than the refractory period 
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of 1-35 msec. In this case, therefore, the back-response might have been 
expected to have re-excited the muscle fibres, and this has been the usual 
result on making such a comparison. 


Unfortunately the estimate of the minimum D.R.-B.R. interval was necessarily unre- 
liable, because the determination of the conduction time from the stimulating electrodes 
io the site of initiation of the back-response was liable to two uncertainties. First, the 
precise point of initiation of the back-response was unknown, and the present calculations 
have been made as if it were initiated at the point where the nerve entered the muscle. 
Secondly, when the nerve enters the muscle its fibres subdivide into thinner branches, 
which would be expected to conduct more slowly than the fibres within the main trunk. 
Thus it is probable that the minimum D.R.-B.R. interval has been systematically under- 
estimated in the present experiments. If this error has been at all large (> 0-4 msec) then 
a part of all of the back-response may not have re-excited the muscle fibres, because they 
were still refractory. Moreover, if, because of refractoriness of the nerve, the direct response 
set up by the second stimulus travelled more slowly than did that set up by the first stimu- 
jus, then the stimulus interval would be less than the interval between the time of arrival 
of the two action potentials at the nerve endings, and the refractory period would have been 
underestimated. There was not, however, appreciable slowing of the second action potential 
in the region of nerve between the stimulating and the recording electrodes, and the results 


of Eccles & O’Connor (1939) suggest that when the second stimulus fell outside the 


tefractory period of the muscle such slowing did not occur in the nerve terminals within 
the muscle. Even if the initial part of the back-response failed to excite the muscle, it is 
possible that the later part of the back-response did so. For on recording from the ventral 
root the back-response lasted from 1-1 to 2-7 msec in different experiments, and this scatter 
probably resulted from the back-response being initiated at different titnes in different nerve 
fibres. (Differences of conduction velocity between different nerve fibres would not make the 
scatter of the back-response much greater than that of the direct response, unless the nerve 
terminations were behaving in a manner very different from the main nerve fibre.) Thus 
though the experiments so far described by no means prove that the back-response re-excites 
the muscle fibres, this does indeed appear probable. 

Lloyd (1942) calculated that the earliest part of the back-response was set up within 
0-1 msec of the beginning of the muscle action potential. Such a short interval might not 
allow time for the muscle fibres to recover from their refractory périod before they were 
restimulated by the back-response. This very short interval was, however, found only in 
those nerve fibres, which had not been excited by the initial electrical stimulus, which 
was applied to a ventral root and not to the muscle nerve. In those fibres which had been 
directly excited the back-response began significantly later, and Lloyd gives one example 
(Fig. 1) where the back-response in the directly stirnulated nerve fibres began 0-9 msec 
after that of the unstimulated nerve fibres. In some of the present experiments the electro- 
myogram was recorded with belly—tendon leads, and its latency could then be compared 
with the time of initiation of the back-response (calculated from the time of its appearance 
in the ventral root). In gastrocnemius the back-response was set up 0-6-1-1 msec after the 
beginning of the electromyogram (five experiments) and in soleus the interval was slightly 
longer (1-4 and 1-9 msec in the two experiments studied in this respect). Thus the delay 
between the back-response and the beginning of the electromyogram does not appear to 
be so short that re-excitation of the muscle by the back-response is impossible. 


The effect of desynchronization 
The abnormally synchronous nerve volley initiated by a single stimulus 
probably greatly favours the production of the back-response, for Lloyd 


3 

ws 

i.” 

id 

' 4 
- 


336 M.C. BROWN AND P. B.C. MATTHEWS 


(1942, Fig. 6) found that the activity of different muscle fibres may sum 
to produce a back-response, and that this interaction only persisted for 
about 0-8 msec. Thus a slightly ‘desynchronized’ nerve volley might be 
expected to produce a smaller back-response than does a synchronized 
nerve volley, and in the present experiments this has been found to be the 
case. The usual method employed to desynchronize the action potential 
has been to apply two stimuli to the same point on the nerve and to sepa- 
rate them by a time interval just less than the refractory period of the 
nerve fibres. The first stimulus was adjusted so as to excite about half the 


Fig, 3. The effect of desynchronizing the nerve volley i in reducing both the muscle 
contraction (above) and the back-response (below). a, synchronous nerve volley 
‘produced by single maximal shock to nerve; b, desynchronized nerve volley 
produced by a submaximal shock followed by a maximal shock, falling within the 
refractory period of those nerve fibres excited by the submaximal shock; c, super- 
imposed responses to synchronized and to desynchronized nerve volleys. (Same 
experiment as Fig. 2. Spikes retouched.) 
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« motor fibres, and the second was supramaximal (about twice the 
strength of that required to excite all the « motor fibres when delivered 
alone). Thus those fibres which were not excited by the first shock were 


excited by the second stimulus, and no fibres were excited twice; in conse- , 


quence the single maximal volley which would have been produced by the 
second stimulus was split into two half-volleys separated by about 
0-6 msec. Figure 3 shows such synchronized and desynchronized nerve 
volleys and demonstrates the typical result, that the desynchronized 


volley caused appreciably less back-response. In four experiments in | 


which the back-response was small it was abolished by desynchronizing 
the nerve volley. Figure 3 also shows that the twitches produced by the 
two types of nerve volley differed markedly. The desynchronized twitch 
was smaller and decayed more rapidly than the synchronized twitch, as 
has already been described by Merton (1954). These are the changes which 
would be expen if the back-response were exciting the muscle, for the 
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synchronized contraction would then be a tetanic response on the part of 
some muscle fibres, while the desynchronized contraction would approxi- 
mate more nearly to a twitch. 

In some experiments desynchronization was also intake by applying 
the two stimuli to different parts of the nerve, and adjusting their time 
interval so that, as before, those fibres which were excited by the first 
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% change in’action potential 


Fig. 4, The correlation between the change in the twitch and the change in the 
back-response on desynchronizing the nerve volley. A, results obtained from 
the whole series of experiments, each point representing one experiment (@ gastro- 
cnemius; © soleus). B, results obtained in a single experiment on gastrocnemius . 
by altering the time interval between the two stimuli used to produce a desyn- 
chronized nerve volley. Ordinate: the difference in the peak tensions developed 
by the synchronized and desynchronized volleys, expressed as a percentage of 
the tension developed by the synchronized volley. Abscissa: the difference in the 
‘areas’ of the back-responses developed by the synchronized and desynchronized 
volleys, expressed as a percentage of the area of the direct response plus that of the 
back-response developed by the synchronized volley. B is plotted on twice the 
scale of A. (The area of the direct response was the same for the synchronized and . 
desynchronized volleys. The action potentials were recorded monophasically 
and their areas were measured by projecting an enlarged image of the record on 
squared paler.) 


stimulus (submaximal) were refractory to the second stimulus (maximal). 
(The synchronized volley was usually produced by altering the interval of 
time between the two stimuli so that the submaximal shock then failed to 
excite the nerve.) In studying the medial head of gastrocnemius both 
stimuli were applied to the muscle nerve, for in. this case it was easy to 
dissect enough of the nerve free to apply two well separated pairs of stimu- 
lating electrodes to it. In studying soleus the first stimulus was applied to 
@ portion of ventral root other than that which was being recorded from 
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(if necessary the root was subdivided to obtain two portions). For both 
muscles it was thereby confirmed that desynchronization reduces the 
magnitude of both the twitch and of the back-response. Stimulation at two 
places ensured that the first stimulus was not producing any purely local- 
ized changes which might affect the response to the second stimulus. 
Merton (1954), using this method in man, where very long lengths of nerve 
may be studied, was able to separate the two half-volleys by as much as 
10 msec. In the cat such wide separation could not be obtained and we 
have not investigated volley intervals of over 1 msec. 


a b 
200 msec 
3 
5 msec } 


Fig. 5, The absence of effect on the twitch of desynchronizing the nerve volley in 

a preparation in which the back-response was naturally absent. Records of the con- 
traction of soleus (above), and the action potential of its motor fibres (below). 
a, synchronized volley; 6, desynchronized volley; c, superimposed responses to 
synchronized and to desynchronized volleys. (The compound action potential due 
to stimulation of the small motor fibres could just be seen in these cab amnies but no 
back-response could be detected. Spikes retouched.) 


Quantitative aspects. On desynchronizing the nerve volley in different 
preparations there has been a definite correlation between the change in 


from the whole series of experiments, shows the percentage change in the 
twitch plotted against the change in the back-response, expressed as a 
percentage of the total area of the compound action potential. There is 
an approximately linear relation; though no particular significance need 
be attributed to the precise slope of the line. The records chosen for 
measurement were in every case taken from the beginning of the ex- 
periment. Records taken at the end of the experiment or after fatiguing 
the muscle sometimes showed larger changes in tension relative to the 
back-response. It is possible that in these cases there-was some degree 
of neuromuscular block and that the back-response initiated propagated 
muscle action potentials in some muscle fibres which were not excited 


the back-response and the change in the twitch. Figure 4a, derived. 


by the direct response. (Lloyd, 1942, showed that the back-response — 
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could be set up in nerve fibres the muscle fibres of which had not been 
activated.) In individual experiments a quantitative relation between 
the back-response and the twitch could be demonstrated by progressively 
increasing the time interval between the two nerve volleys, when the back- 
response and the twitch became smaller together. An example is shown in 
Fig. 4b, where the results are plotted in the same way as those of Fig. 4a. 

Under certain conditions a back-response was not set up even by a 
synchronous nerve volley, and it is of great interest that no change could 
then be found in the twitch on desynchronizing the nerve volley. In four 
experiments out of eight on soleus no back-response was found at all; 
an example of this is shown in Fig. 5. In ten experiments on gastro- 
cnemius the back-response was never naturally absent. It could, however, 


‘be temporarily abolished by fatiguing the muscle. This was achieved by 


a 


2 msec 


Fig. 6. The effect of the back-response of altering the strength of the stimulus so as 
to excite varying numbers of the large motor fibres. a, b, c, d, increasing stimulus 
strength (d, maximal). Above, contraction of the medial head of gastrocnemius ; 
below, the action potential of its motor nerve fibres. (Spikes retouched.) 


stimulating the muscle repetitively for 10-30 sec, while its blood supply 
was temporarily occluded by applying a clip to the popliteal artery. 


In confirmation of Merton (1954) it was found that the effect of desyn-_ 


chronizing the twitch could thereby be abolished, but in addition it was 
found that this only occurred when the back-response was also abolished. 
In addition in three preparations it was found that an injection of a large 
dose of anaesthetic abolished both the back-response and the effect on the 
twitch of desynchronizing the nerve volley. 

Submaximal stimulation. Submaximal twitches were shown by Merton 
(1954) to have the time course of the desynchronized twitch rather than 
that of the synchronized twitch. In the present experiments it was found 


| that the back-response was usually ay produced by stimuli which excited 
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an appreciable fraction of the « motor fibres, as illustrated in Fig. 6 
The absence of the back-response following the weak stimuli is most 
simply interpreted as due to the failure of the summed effect of the 
action potentials of the different muscle fibres to reach the threshold of the 
nerve fibres (cf. Lloyd, 1942, Figs. 2, 6). Thus, in agreement with the results 
already described, the two submaximal action potentials of a desynchro- ~ 
nized nerve volley would be expected to produce a smaller a 
than does a synchronized nerve volley. 

Repetitive stimulation. If the alteration in the back- -response is accepted 
as the cause of the twitch desynchronization effect then no difference 
would be expected between the tetanic contractions produced by repetitive 
synchronized and by repetitive desynchronized nerve volleys; for repeti- 
tive discharge of the nerve fibres in response to each single stimulus could 
not then increase the size of the contraction. No difference was found in 
man between such contractions (Merton, 1954) and none has been found 
in the present experiments on the cat. 


The effect of nerve stimulation during the muscle refractory period 

During the course of the experiments a completely different method was 
discovered for reducing the back-response. This consisted in setting up a 
second action potential in the nerve immediately after the initial maximal 
synchronous volley. Figure 7 shows the abolition of the back-response by 
this means. It will be seen that the double stimulation also caused the 
contraction to become smaller, and as before this may be attributed to the 
reduction in the back-response. The nerve action potential set up by the 
second stimulus was apparently too early to re-excite the muscle. This 
was probably because the muscle was still refractory, and Eccles & O’Con- 
nor (1939) have shown that under similar circumstances an end-plate 
potential may be set up in the muscle without leading to a propagated 
muscle action potential. — 

Figure 8 shows that the somewhat paradoxical reduction of the con- 
traction produced by the second stimulus only occurred for stimulus 
intervals above 0-6 msec and below 1-2 msec. For shorter intervals no 
second nerve action potential was excited, and for longer intervals the 
muscle was presumably excited by both action potentials. The second 
action potential only reduced the contraction in preparations in which a 
back-response was found after a single maximal shock. Thus these altera- 
tions in the size of the contraction may be explained by supposing that a 
second nerve volley may reach the muscle just too early to re-excite it, 
’ while the ‘normal’ back-response occurred just late enough to excite the 
muscle; and no other explanation is immediately apparent. The abolition — 
of the back response by a second stimulus after an intermediate interval 
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a b 
3 100 msec 
Cc 
2 msec | 


Fig. 7. The reduction of the back-response produced by re-exciting the nerve 
during the refractory period of the muscle. Above, contraction of the medial head 
of gastrocnemius; below, the action potential of its nerve fibres. a, single maximal 
shock; 6, two maximal shocks separated by 0:7 msec; c, superimposed records 
of the action potentials set up by single and by double stimulation. The nerve action 
potential initiated by the second stimulus was too early to re-excite the muscle, 
but, by reducing the back-response, it made the muscle contraction smaller. (Earlier 
in experiment of Figs. 2 and 3. Spikes retouched. Voltage calibration, 3 mV.) 


Contraction tension (kg) 


0 05 10 1°5 20 
Scimulus interval (msec) 

Fig. 8. The effect, in a preparation with a back-response, of altering the time 
interval between two maximal stimuli applied to the nerve. When, the second 
stimulus excited a second nerve action potential, but the muscle was still refractory, 
the contraction was reduced, because the back-response was then reduced. (Same 
experiment as Fig. 7. Both stimuli were about twice the strength of that required 
to excite all the large motor fibres when they were not refractory.) 3 
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may be attributed to the refractoriness of the nerve fibres which was. 


induced by the second action potential, and which prevented their re- 
excitation by the muscle action potential. Alternatively, it is possible that 
the second action potential collided with the back-response in the fine 
branches of the motor nerve, and that this prevented the back-response 
spreading into other branches of any axon in which it was excited. 
J. C. Eccles and W. J. O’Connor (unpublished observations) also some- 
times observed such a diminution of the contraction with double 
stimulation, and likewise attributed it to a reduction of repetitive firing 
of the muscle (personal commnnication, J. C. Eccles). 


Electrical recording of double discharges in muscle 
By recording the electrical activity of the muscle it has been possible 
to confirm that a single shock to the nerve may excite a double discharge 


sail 
5 msec 
2mV 


Fig. 9. A double discharge found in the electromyogram as a result of a single 
stimulus to the nerve. Above, the electromyogram recorded with fine electrodes 
placed on the surface of the muscle; below, the action potential of the motor fibres 
recorded from the ventral root. a, a single stimulus produced two waves of activity 
in the electromyogram, and a small back-response in the nerve fibres; b, stimulation 
of the nerve with two maximal shocks, the second falling within the refractory 
period of the muscle, abolished the second wave in the electromyogram, because 
the back-response was thereby abolished. (The contraction produced by the two 
stimuli was smaller than that produced by the single stimulus.) 


in some muscle fibres. For this purpose the response of a localized portion 
of the muscle was recorded by applying to its surface a pair of fine wires, 
the tips of which were separated by about 0-1 mm (cf. Torrance & Whit- 
teridge, 1948; Liddell & Phillips, 1952). These electrodes were spring- 


mounted so that they were free to move with the muscle as it contracted — 


and they recorded potentials of approximately constant form in spite of 
successive contractions of the muscle. The action potential so recorded 
appeared to be derived from several motor units at least, for it did not 
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behave in an ‘all-or-none’ manner when the strength of the stimulus was 
varied. Figure 9a shows an electromyogram recorded when the nerve 
was excited with a single maximal stimulus. It will be seen that there 
were two separate waves of electrical activity, separated by about 2-5 msec 
at their beginning. When the nerve was stimulated with two maximal 
shocks, the second so timed that it fell within the refractory period of the 
muscle, then the second component of the electromyogram disappeared 
while the first remained unchanged (Fig. 9b). As again shown in Fig. 9, 
this arrangement of stimulation abolishes the back-response, and it may 
therefore be concluded that the second wave of activity in the electro- 
myogram was due to the excitation of some of the muscle fibres by the 
back-response. Thus the two waves in the electromyogram represented 
the excitation of the muscle first by the direct response and then by the 
back-response. Such records were readily obtained in three preparations 
and demonstrated directly that some muscle fibres fire twice after a single 
shock is applied to the nerve. 


Records such as those shown in Fig. 9 were not obtained from all sites on the belly of the 
muscle, and in many cases the amplitude of the second phase of the electromyogram was 
consideriitbly smaller. Such double firing has, however, been observed in three preparations 
from over fifty recording sites on either soleus (two experiments) or gastrocnemius (three 
experiments) ; (in one of these three experiments the back-response was not recorded directly, 
but its presence was deduced from the change produced in the twitch by applying a second 
stimulus during the refractory period of the muscle). It is perhaps of interest to note that in 
initial experiments ‘with belly—tendon leads the potentials recorded could not be analysed 
with a certainty into two separate components, because they were of much longer duration 
than those later recorded with the fine electrodes (cf. Eccles & O’Connor, 1939). Even 
with the fine electrodes the action potential sometimes lasted for several milliseconds, and 
the separate waves due to double firing were not then conspicuous. In some such cases a 
polyphasic record was obtained, the individual spikes of which were not unlike those due to 
repetitive firing. These, however, did not alter when the nerve was re-excited during the 
refractory period of the muscle, and were probably due to the existence of separate groups 
of muscle fibres, the end-plates of which lay at different distances from the recording 
electrodes. 

When the strength of a single stimulus to the nerve was varied the second spike of a 
double discharge only appeared when the stimulus was large enough to excite a back- 
response (cf. Fig. 6). Reduction of the second phase of the electromyogram could also be 
produced by desynchronizing the nerve volley, thereby reducing the back-response (cf. 
Fig. 3). In this case, however, the form of the first wave of electromyogram was also altered 
because of the change in synchronization of the potentials of different motor units. The 
effect on the electromyograms of desynchronizing the nerve volley does not, therefore, 


provide such unequivocal evidence in favour of double firing as does the reduction of the 


back-response by a second maximal nerve volley falling in the refractory period of the 
muscle, for this does not alter the form of the first wave of the electromyogram. Indeed, 
it is this type of experiment which proved that the two waves in the electromyogram were 
usually due to double excitation of the muscle, rather than to the existence of two groups 
of muscle fibres the potentials of which reached the electrodes at two different times. 
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DISCUSSION 


The present experiments have shown that in the anaesthetized cat the 
effect on the twitch of desynchronizing the motor nerve volley can be 
adequately accounted for in terms of alterations in the back-response of 
the motor nerve fibres. This explanation appears sufficient also for the 
effects found by Merton (1954) in the unanaesthetized man. Certainly it 
- appears unnecessary to postulate any mechanism for the twitch effect 
which depends upon assuming properties of muscle which have not been 
established by other means. 

It is, of course, the synchronized twitch rather than the desynchronized 
twitch which is abnormal, for in the synchronized twitch some muscle fibres 
appear to be re-excited by the back-response and to be contracting tetani- 
cally. It is remarkable that the back-response is excited late enough to 

have such an effect, and if it were only slightly earlier it would fail to 
- re-excite the muscle fibres because they would still be refractory. The 
latency in the development of the back-response might occur for either of 
two reasons. Most probably it occurs because the stimulus of the muscle 
action potential is not effective until the nerve fibres have largely recovered 
from their relative refractory period. On the other hand, the back-response 
may be excited in the fine terminals of any motor axon, and spread only 
slowly from there to the other branches of the same axon. At any rate the 
effect appears to be common in the two muscles studied, and as these 
were chosen solely for their experimental convenience it is probably com- 
mon in other muscles as well. 

Eccles & O’Connor (1938, 1939) have: previously described repetitive 
electrical discharges of normal muscle following single stimuli to the nerve. 
These discharges sometimes persisted for up to 100 msec, and it is con- 
ceivable that they were due to excitation circling from nerve to muscle 
and back again, rather than to changes restricted to the motor end-plate. 
Eccles & O’Connor found large effects only in decerebrate animals, and 
these may have been partly due to exposing the muscles in a moist 
chamber, which might be expected to increase the excitability both 
of the muscles and their nerves by lowering their carbon dioxide 
content. After the injection of eserine, prolonged repetitive discharges 
may be found in the nerve (Masland & Wighton, 1940; Feng & Li, 1941) 
but this is not the sole cause of the repetitive discharge of the muscle 
(Eccles, Katz & Kuffler, 1942.) 

The effect of a synchronous nerve volley in doubly exciting a muscle 
appears unlikely to be of any importance for the physiological control 
of muscle, for this normally depends upon dicharges which are asynchro- 
nous in different nerve fibres. In addition, the degree of synchronization 
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required is so great that even a tendon jerk is unlikely to be sufficiently 
synchronized to evoke a back-response (cf. Fulton & Liddell, 1925). The 
back-response is therefore probably a ‘physiological artifact’, and its 
existence emphasizes the dangers of investigating the function of the 
nervous system by initiating synchronous volleys of nerve impulses. 


SUMMARY 


1, In anaesthetized cats the compound action potential set up in the 
motor fibres on stimulating an intact muscle nerve (soleus or medial gastro- 
enemius) was recorded from a ventral root. The direct response of the « 
motor fibres to a single stimulus was followed by a ‘back-response’ due to 
restimulation of the same nerve fibres by the muscle action potential. 
Comparison of the time relations of the action potentials with the refrac- 
tory period of the muscle suggested that the back-response would re-excite 
the muscle fibres. 

2. When, by means of double stimulation, the nerve volley was de- 
synchronized into two half-volleys separated. by about 0-6 msec, the back- 
response was greatly reduced. Simultaneous recording of the muscle 
contraction showed that the twitch then became smaller and shorter, as 
described by Merton (1954). | 

3. In the whole range of experiments the magnitude of the Piet of 
the twitch on desynchronizing the nerve volley could be correlated with 
the magnitude of the simultaneous change in the back-response. A similar 
result was obtained in individual preparations by altering the time interval 
between the two nerve volleys. 

4. In four preparations the back-response was absent, ond’ in these 
the effect on the twitch of desynchronizing the nerve volley was also 
absent. In some other preparations both effects were abolished together by 
fatiguing the muscle, or by increasing the depth of anaesthesia. 

5. The back-resporise set up by a single maximal stimulus could also 
be reduced by setting up a second action potential in the nerve immedi- 


- ately after the first. This again reduced the size of the muscle contraction, 


for the second nerye action potential was too early to re- -excite the muscle, 
the refractoriness of which outlasted that of the nerve. : 

6. The electromyogram, recorded from the surface of the muscle with. 
fine electrodes, might show two waves of electrical activity following a 
single stimulus to the nerve. The latter wave was reduced when the back- 
response was made smaller, and appeared to be due to double firing of s some 
muscle fibres. 

7. It is concluded that in mammalian muscle the ‘twitch’ elicited by a 
single maximal stimulus applied to a muscle nerve may include the 
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response of some muscle fibres contracting tetanically, as a result of their 
restimulation by the back-response. The effect on the twitch of desyn- 
chronizing the nerve volley is then explained by the concurrent change in 
the back-response. 


We should like to thank Mr E. T. Giles for technical assistance. 
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THE LOCATION OF ADENINE NUCLEOTIDE 
IN FROG’S STRIATED MUSCLE | 
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In an earlier paper (Hill, 1959a) the location of tritium-labelled adenine 
nucleotide was studied by autoradiography in a freeze-dried striated 
muscle of the frog. The results Were considered to be inconclusive, mainly 
on the grounds that the imperfectly preserved structure provided by 
freeze-drying might well be associated with a disorganized distribution of 
the nucleotide. In addition, the danger of disturbance by water, even in 
the ‘water-proofed’ sections, was apparent. Similar experiments have 
therefore been done with chemical fixative, incorporating a nucleotide 
precipitant, instead of freeze-drying. The improvement in fixation gives © 
perfect visible structure, but by sacrificing the very rapid freezing in favour 
of slow-acting chemicals penetrating from the outside, one uncertainty 
has been exchanged for another; for there is every possibility that mobile 
substances may change their siting during chemical fixation. Indeed, as 
will be seen, gross movement of the labelled nucleotide does in fact take 
place. The artificial distribution so created is not, however, necessarily 
irrelevant to a study of normal muscle; there are grounds for arguing 
that the distribution which is found, when considered in relation to the 
striation boundaries, that is to say the longitudinal as distinct from the 
transverse distribution, is the same as in the living state. 

A further objection to the earlier technique was in connexion with its 
reliance on an isolated muscle remaining in normal conditions during a 
prolonged period of soaking in a strongly radioactive mixture, this being 
necessary to label the muscle nucleotide from an external solution of 


_tadioactive adenine. The alternative, namely, injection of a living frog 


followed after a suitable time by dissection of the labelled muscle, should 
ensure normality immediately before fixation. Injection involves the use 
of larger quantities of radioactive material, several millicuries being needed. 
With carbon-14 it was impracticable to achieve sufficient activity for 
autoradiography by injection, so the method of using an isolated muscle 
was therefore developed. With tritiated adenine at commercial prices injec- 


tion would likewise involve prohibitive amounts (costing several hundred 
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pounds for each experiment), but the ‘home-made’ product, prepared in 
the way described by Hill (1959a) can be used in the quantities required 
‘in a limited number of experiments. The tritiated adenine was therefore 
administered by injection in the experiments to be described. 

The birefringence of the muscle was made use of in the earlier experi- 
ments for viewing the striations. It has now been found possible to stain 
the muscle through the autoradiographic film; this has led to a marked 
improvement in accuracy in relating the silver grains with the various 
regions of the sarcomere. The stain pattern within the sarcomere, though 
there is uncertainty as to the identity of the stainable material, has 
incidentally proved interesting. 

This paper is mainly concerned with resting muscle. In addition an 
attempt has been made to find out what happens as the result of activity, 
and two experiments have been done in which the muscles were fixed in 
a state of contracture and exhaustion following poisoning. Although the 
disorganization of the structure resulting from such severe treatment has 
made it impossible to investigate the isotope location in relation to the 
boundaries of the A and I bands, certain conclusions regarding the state 
of mobility of the nucleotide in activated muscle have been derived. 

A glycerol—water-extracted muscle has also been examined. 


-METHODS 


Labelling the muscle. To label the muscle at a level of radioactivity comparable with that 
found suitable in the earlier experiments, i.e. at not less than 50 ye/g, it was calculated 
(from data given by Hill, 1959a) that a frog must receive an injection of about 200 uc/g, 
amounting to a total of 4 mc in a 20 g frog. In mice (Brues, Stroud & Rietz, 1952) the 30- 
day median lethal dose is about 1 me/g body weight, so the amount proposed was not likely 
to be harmful. 

The tritiated adenine was of the same batch as that used earlier (Hill, 1959a). After 
20 months storage in vacuo it was assayed spectrophotometrically and was found to have 
undergone no break-down. It was therefore not considered necessary to assay it again for 
radioactivity, and the earlier assay was simply corrected for-natural decay. 

Two frogs were injected with a solution of the tritiated adenine in water, the injection 
being made intraperitoneally in the lower abdomen to the left of the mid line. 

Frog 1. Weight 20 g. 4-6 me *H-adenine injected in 2-0 ml. water (230 yc/g). 

Frog 2, Weight 19 g. 3-18 me in 1-75 ml. water (167 ye/g). 

The frogs were then kept in a moist atmosphere at 15° C for 47 hr (frog 1), and 24 hr (frog 2), 
Bennett & Krueckel (19556) showed that, in mice, adenine is converted to nucleotide 
within 2 hr of injection, and it was thought that 24—48 hr, in the frog, would be sufficient 
for the conversion. (These times may, in fact, have been too long, for there is some indication 
that excretion had started.) 

Both sartorius muscles were then dissected from each frog. After soaking for ! hr in 
Ringer’s solution (mm: NaCl 96, KCl 5-0, CaCl, 4-0) the four muscles were treated as follows: 

Muscle 1 (frog 1). Fixed in a normal resting condition, following pre-treatment (see 
below) designed to minimize the ‘stimulating’ effect of the osmium fixative. 

Muscle 2 (frog 1). Fixed at the peak of a caffeine contracture. 
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Muscle 3 (frog 2). Fixed after extraction by glycerol—water. 

Muscle 4 (frog 2). Fixed after poisoning with cyanide and iodoacetate, followed by stimu- 
lation to exhaustion. 

The pre-fizing procedures. An excitable muscle is stimulated, and shortens as the result 
of immersion in an osmium tetroxide fixative. If the muscle is first made inexcitable by 
soaking in isotonic potassium sulphate it is no longer affected by the fixative. The fixative 
therefore seems to produce an effect on the muscle similar to that of the depolarizing action 
of potassium. It has been stated (Frank, 1958) that withdrawal of calcium from the extra- 
cellular fluid completely prevents the mechanical response of a muscle when potassium is 
applied. Experiments similar to Frank’s were done but it appears that the response is 
actually never entirely abolished. A thin muscle, the m. ext. long. dig. IV as used by 
Frank (1958), was soaked in the following solution: isotonic choline chloride; 5mm TRIS 
(tris-(hydroxymethyl)-amino methane) buffer, pH 7-4; 2 mm K,SO,; 10-¢ (w/v) tubocurarine 
chloride. The response to isotonic K,SO, was tested after varying times of exposure. The 
mechanical response was found to be greatly diminished, both in peak and duration, but 
it was never entirely absent. The shortening caused by the osmium fixative also was not 
completely prevented by such withdrawal of calcium. Deprivation of calcium seems to 
have an effect rather similar to that described by Denton (1948) where no total abolition 
of response was found. 

A similar reduction in response to depolarization is found with the sartorius. At 0° C 
a normal sartorius attached to an isotonic lever shortened 100 units when immersed in 
isotonic K,SO,. After soaking for 60 min in the above mixture the response was reduced 
to 17 units, but within 20 min of returning the. muscle to-normal Ringer’s solution the 
response had returned to 77 units. 

Although withdrawal of calcium does not eliminate the response to depolarization or to 
immersion in the fixative, it was considered to be a useful pre-treatment of the muscle with 
the object of reducing the disturbance of equilibrium as far as possible. In addition, it was 
thought to be desirable to allow the muscle to recover from such stimulus as still remained. 
It seemed better, therefore, that the stimulus should result from immersion in. K,SQO,, 
followed by a suitable recovery period, rather than as the result of contact with the fixative, 
after which recovery might be inhibited. 

Muscle 1 was soaked in oxygenated, Ca-free mixture (of above composition) at 0° C for 
48 min. It was then fully stretched on a glass support and immerséd in isotonic K,SO, for 
15 min at 18° C. It was then fixed. 

Muscle 2 was stretched to nearly full extension on a glass support and immersed in oxy- 
genated Ringer’s solution, containing 0-2 % caffeine, at 18° C. In a previous trial the time 
course of the ensuing contracture had been established, and at the estimated peak of con- 
tracture, 5 min after immersion in the caffeine, the muscle was fixed. 

Muscle 3 was made inexcitable in isotonic K,SO, and was then soaked for 65 min in 50% 
(v/v) glycerol-water buffered at pH 7-4 with 5mm TRIS; it was then fixed. 

Muscle 4 was connected to an isotonic lever and immersed in Ringer’s solution buffered 
at pH 7-4 with 5mm TRIS, containing 0-4 mm™ iodoacetic acid and 1-0 mM sodium cyanide, 
The temperature was kept at 0° C for 60 min to allow penetration of the poison, and was 
then raised to 19° C. The muscle was stimulated with single shocks at 1/sec, with the tension 
on the muscle raised to 18 g to prevent contracture. After 200 shocks the twitch response 
had vanished and the muscle was fixed. 

Fivative. Buffered osmium tetroxide was used as the protein fixative, with lanthanum 
nitrate added to precipitate the nucleotide as the insoluble lanthanum salt. The mixture 
had the following composition (mm): osmium tetroxide 40 (1%); TRIS 39; HNO, 31 
(pH 7-4); La(NO), 28; sucrose 110. The sucrose was added to increase the osmotic pressure 
of an earlier mixturé (isotonic with Ringer’s solution) in which the myofibrils had become . 
separated by what was thought to be osmotic swelling of the muscle during fixation. The 
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total osmotic pressure of the above mixture is 50% greater than that of Ringer’s solution, 
In this the muscle obviously undergoes some shrinkage; it might be better to add a smaller 
amount of sucrose. The muscles, after the pre-treatment described and still mounted on 
their glass supports, were plunged into the fixative at room —e (18° C) and left for 
2-3 hr. 

The fixative materials had then to be removed, and water replaced by ethanol, without 
allowing the precipitated lanthanum nucleotide to dissolve. It was therefore necessary to 
avoid lanthanum-free aqueous or partially aqueous solutions. The muscles were first soaked 
for about 3 hr in an aqueous solution of 10 mm lanthanum nitrate buffered with 110 mm 
collidine (2,4,6-trimethylpyridine) adjusted to pH 7-2 with nitric acid. The collidine was 
used, at this stage, in preference to TRIS, because the former is soluble in ethanol. The 
muscles were then transferred to ethanol containing 1 % by volume of the same lanthanum- 
collidine mixture, and put into an oven at 37° C during the night to expedite the exchange 
of water and ethanol. The muscles were then soaked for some hours in pure ethanol to 
remove the last traces of water, lanthanum and collidine (lanthanum nitrate is soluble in 
ethanol). 

The muscles were then cut up into thin strands for longitudinal sectioning, or into thin 
_ transverse slices, or into slices cut at about 45° to the long axis. These pieces were left for 
a further period of about 1 hr in ethanol. The ethanol was then replaced by methacrylate 
monomer (5% methyl: 95 % n-butyl) and embedded in No. 00 capsules by polymerization 
at 65° C with 2% 2,4-dichlorobenzoyl peroxide as the activator. 


Sectioning and autoradiography. The sections, 0-2—1-0 », were cut on a Cambridge rocking ~ 


microtome with a glass knife. The first autoradiographic tests with this. material showed 
that the low solubility of the precipitated nucleotide, combined with the low permeability 
of the methacrylate were together sufficient to prevent any loss of activity when the sections 
were allowed to come into contact with water: there was no need for any of the elaborate 
measures required in the earlier experiments to prevent loss of nucleotide. The sections were 
therefore floated off the microtome knife, transferred to warm water (40°C) to allow flattening, 
and picked up on slides prepared with gelatine adhesive (Hill, 1959a) and dried. They were 
mounted with autoradiographic stripping film (Kodak A.R. 10) in the usual way. After 
the time allowed for exposure the autoradiographs were —e in Kodak D. 76 fine- 
grain developer, ‘fixed and washed. 

Staining the muscle sections. It was found possible to stain the sections with basic dyes, 
without at the same time producing a dense coloration of the over-lying autoradiographic 
film, by the use of stain solution buffered at pH 4. The pK of protein carboxyl groups is 
around 5, and at pH levels below this the carboxyl binding of most basic dyes is negligible. 
At pH 4 a tissue section will take up stain, and it seems likely (Swift, 1955) that this is due 
to combination of dye with the phosphoryl groups of nucleic acid and of nucleotide. With 


basic dyes the combining group is the amino group which exists in a positively charged — 


dissociated form (—NH,*) except at high pH levels. The primary phosphoryl groups of 
nucleic acid have a pK of about 2, and are therefore negatively charged at pH greater than 2. 
Dye-nucleate, and probably also dye-nucleotide complexes are formed through salt linkages 
between cation and anion, and the dye cation will compete with other cations (e.g. La**) 
for binding sites. Provided, therefore, the pH lies between 2 and 5 the dye should be able 
to stain the nucleotide of the muscle but not the protein either of the muscle or of the 
autoradiographic film. This differential method of staining was tried and found to work 
well. 

Free nucleotide is not stained. The reason for this is not‘clear, for the pK value of at 
least one of the phosphoryl groups of ATP is below 4, but it seems probable that since 
combination of the dye with free nucleotide does not result in the formation of an insoluble 
compound, such free nucleotide as is able to combine with the dye in competition with 
lanthanum is lost into the solution. 
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Procedure for staining. The washed slide, comprising section and autoradiograph, was 
immersed for 15-60 min in the stain solution, consisting of 20 mM crystal violet in 100 mm 
pH 4 acetate buffer. The uncombined dye was then washed out by immersing the slide in 
geveral changes of 10 mm pH 4 acetate buffer. After 20-30 min the gelatine of the auto- 
radiographic film was found to be practically colourless, with the muscle section remaining 
darkly stained. The slide was then washed in distilled water, and dried. Euparal was used 
as the mountant. This prolonged procedure never resulted in some of contact between the 
emulsion and the muscle tissue. 

- The autoradiographs were éxamined with a high-power oil-immersion objective (N.A. 1-3), 
and photographed on Kodak P. 200 plates, with a colour filter to provide the required 
contrast. The relationship between the stained regions and the A and I bands was established, 
whenever necessary, by using polarized light. 


RESULTS 
Preliminary experiments with 14C-adenine 
In the earlier experiments (Hill, 1959a) it was necessary to establish 
the chemical identity of the bound radioactive material; this was shown 
chromatographically to be adenine nucleotide. With the new method of 
labelling the muscle by injecting the frog it did not seem necessary again 


to go to the length of chromatographic separation of the radioactive con- 
stituents, provided the.muscle from an injected frog stood up to certain 


simple tests with C-labelled adenine. With this isotope it is possible 


to make whole-muscle measurement of radioactivity by using a Geiger- 
Miiller counter (Hill, 1959a). 

A 20g frog was injected intraperitoneally with 77 wc C-adenine 
(Batch 9, 9-7 me/m-mole, obtained from the Radiochemical Centre, 
Amersham, Bucks.). After 24 hr both sartorii were dissected, and put 
into oxygenated Ringer’s solution. The emission from the surface of the’ 
muscle was measured in the way described previously (Hill, 1959a). The 
counting rates (counts/min) were as follows, with the times (min) after 
dissection given in brackets: 

Muscle 1. 536 (49); 530 (52); 496 (56); 465 (59); 460 (74); 523 (77); 
517 (80); 516 (84); mean value 509 counts/min, equivalent to 1-41 ye/g 
(conversion factor given by Hill, 1959a); | 

Muscle 2. 515 (62); 500 (64); 447 (68); 459 (71); 478 (86); 475 (89); 
488 (93); 500 (96); mean value 483 counts/min, equivalent to 1:34 ye/g. 

It is seen that there is practically no decline from the first measurement 
on each muscle. The radioactivity is therefore bound within the fibre in the 
living state, and is not due to unchanged adenine. The levels, for the two 
muscles, of 1-41 and 1-34 ye/g muscle, for an injection of 3-8 ue/g frog, 
are consistent with values obtained before (Hill, 19592). 

The second point to be tested concerns the proportion of bound to 
unbound activity contained within the fibre. When there is equilibrium 
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between the activities of the various forms of nucleotide about 90°, of 
the activity should be lost when the muscle is killed by immersion in 
glycerol—water, or pure water. 

To test this, one muscle was immersed in 50% glycerol (v/v), buffered 
with 5mm TRIS at pH 7-4. The ensuing counting rates (per minute) 
were as follows, with the times (min) after immersion given in brackets: 

Muscle 1, 132 (15); 93 (27); 77 (52); 89 (68); 61 (95); 61 (100); 49 (104); 
50 (110). 

The activity bound against release by water, but freed by acid, was then 
measured by immersing the muscle in ice-cold 10° trichloroacetic acid in 
50 °% glycerol—water: 


54 (12); 101 (17); 90 (22); 88 (27); 88 (32). 


The second muscle was immersed in pure water. The counting rates 
(per minute) were as follows, with the times (min) in brackets: 

Muscle 2. 244 (17); 95 (54); 101 (71); 86 (97); 86 (102); 92 (108). 

The muscle was then put into ice-cold 10% trichloroacetic acid: 


56 (14); 60 (19); 64 (24); 51 (29); 51 (34). 


The interpretation of these figures is complicated by swelling and 
shrinkage of the muscle as the result of immersion in the different solutions. 
Absorption of most of the radiation within the muscle means that a 
swollen muscle will appear to have less, and a shrunken muscle more 
radioactivity than it would have done at normal volume. Water causes 


swelling, glycerol and trichloroacetic acid give shrinkage. The final weights _ 


of the muscles were: muscle 1, 52 mg; muscle 2, 73 mg. The final widths 
were practically the same, so the ratio of thicknesses was 52/73, which is 
approximately the reciprocal of the ratio of the final counting rates; in 
other words the total contents of activity are roughly the same in the two 
muscles, as they should be. 

The living muscle was not weighed, but it was obvious that the volume 
of the acid-treated water-extracted muscle was rather less than that of the 
living muscle, and it follows that the final counting rate at normal volume 
would be less than 50 counts/min. Thus the final content of activity is 
rather less than 10° of the normal value. This is appreciably higher than 
the residual value in the muscle rendered radioactive by the earlier method; 
_ a value of less than 3 %/ was then found (Hill, 1959a). Further, the activity 
after water extraction, but before immersion in acid, was rather more 
than 19 % of the original value, compared with a figure of something over 
5% in the earlier experiments. 

These differences are substantial, but they are not taken to indicate any 
essential discrepancy with the results obtained in the previous experiments. 
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The explanation may lie in a difference between the specific activities of 
the free and of the bound fractions of the nucleotide. In mice the specific 
activity of the nucleic acid adenine ‘lags’ behind that of the acid-soluble 
nucleotide (Bennett & Krueckel, 1955a): during the incorporation phase 
the former is the lower, during excretion it is the higher. In mice excretion 
occurs quite rapidly, and it is not improbable that at the time of dissection 
the frog’s muscles had already passed their peak contents; this would 
account for the relatively high value of the activity bound against water 
and acid extraction. 

An unexpected point emerges from the figures for the activity of the 
glycerol-water-extracted muscle. It is clear, especially in view of the 
shrinkage caused by glycerol, that there is a much greater loss of activity 
in the buffered glycerol-water than there is in pure water, and it takes 
place more rapidly. The remainder after this first phase of extraction is 
less than 10% of the original value; it is less than half of the remainder 
following water extraction. When the muscle is then immersed in acid 
there is no further loss of activity (the increase in counting rate must be 
attributed to further shrinkage of the muscle). Thus the glycerol—-water 
(pH 7-4) has caused the extraction of the fraction which is resistant to 


the action of pure water, but which (after water) only yields to the action 


of acid. 

These conclusions, it should be remembered, apply only to the outermost 
surface layer of the muscle; carbon-14 radiation is reduced by one half in 
its passage through as little as 30 of water. The results with autoradio- 
graphy show that the isotope concentration averaged for several areas in 
the interior of the glycerol—-water-extracted muscle corresponds to the 
higher retention found after extraction by pure water, so the acid-like 
effect of glycerol-water may be confined, in the allotted time, to the 
extreme surface of the muscle. The situation in the glycerol-treated muscle 


is, to judge from the variable stain pattern described later, in a state of 


flux, and the discrepancy may well be due to this. 


Autoradiography : normal muscle 

Unstained transverse sections.. An autoradiograph of a transverse section 
of the normal sartorius is shown in PI. 1, fig. 1. This autoradiograph has 
been over-developed so that, in this low-power photograph, the distribu- 
tion of the isotope may be seen from the degree of blackening of the 
emulsion; the individual grains are not discernible. It is seen that the 
activity is not uniformly spread throughout the fibres, but that high 
concentrations occur near the surface in many of them. The degree of 


non-uniformity is variable; near the surface of the muscle the activity is — 


more evenly distributed than it is in fibres which are more deeply placed 
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within the muscle. High-power photographs of individual fibres are shown 
in Pl. 2, figs. 3, 4. 

This aggregation of nucleotide in regions near the surfaces of the fibres 
must be attributed to the presence of the lanthanum nucleotide precipitant. 
The lanthanum renders insoluble any nucleotide which it encounters on 
penetrating the fibre surface and further nucleotide diffuses into the 
‘vacuum’ so created. The extent of the non-uniformity depends on the 
rate of penetration of the lanthanum and on the transverse mobility of 
the nucleotide within the fibre. Proximity with the muscle surface means 
a@ more rapid uptake of lanthanum, and this accounts for the greater 
uniformity of distribution in fibres near the surface. Deeper in the muscle 
the lanthanum enters the fibres more slowly, and the nucleotide has time, 
so to speak, to diffuse to the surface to meet it and the precipitation goes 
to completion at one side of the fibre before the fibre as a whole is invaded 
by the lanthanum. | | 

There is one feature about the distribution which is difficult to under- 
stand. Not a single fibre seen in Pl. 1, fig. 1, or elsewhere has more than 
one zone of high concentration. The lanthanum approaches the fibres from 
both surfaces of the muscle, and in a fibre near the middle the aggregates 
might be expected to occur more or less equally on the two sides. Actually 


the fibres near the centre show a greater, rather than a smaller degree of — 


one-sidedness as compared with fibres nearer the surface. It seems that 
an unstable situation must arise at some stage to account for this, so that 
as soon as precipitation of nucleotide starts at one focus it proceeds to 
completion ‘explosively’ with that focus as centre, and the participation 
of any other focus is excluded. It is possible that such a situation might 
occur because of a sudden local increase in the permeability of the 
muscle membrane to lanthanum. 

It is necessary to explain why the non-uniform distribution of nucleotide 
in transverse section is attributed to events occurring at the stage of fixation 
rather than to causes operating earlier, even before dissection. In the 
first place, the aggregation always occurs on one or other of the sides of the 
fibre which face towards the surface of the whole muscle. Before dissection 
the surface is, in effect, not present, for blood vessels would then be the 
centres from which exchange occurs and to which gradient lines in distribu- 
tion would be likely to point: the directions of the gradients in the various 
fibres should, if the non-uniformity were of pre-dissection origin, be 
randomly disposed. Secondly, if aggregation had occurred after dissection, 


but before fixation, some reason has to be given.to explain the preference » 


for aggregation near the surface. None can be suggested. It might be 
thought that nucleotide becomes concentrated in regions with a high 
partial pressure of oxygen; but it’will be seen later that in a muscle 
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poisoned with cyanide the same unevenness in distribution is found. If 
the fibres had become permeable to nucleotide they would lose activity 
from the surface first of all, leaving the centre richer, not poorer than the 
surface. In any case the evidence is against any suggestion that an 
appreciable amount of isotope has been lost. In fact, the only acceptable 
explanation is that the patches of high concentration are caused by 
precipitation of nucleotide at those sites, the build-up being produced by 
diffusion of further isotope into the ‘vacuum’ so created. 

On looking at the distribution (Pl. 1, fig. 4) in the glycerol—water- 
extracted muscle it is seen that the specific activity of the nucleotide in 
the different regions of the cross-section is practically constant. It is not 
reasonable, therefore, to argue that the irregular distributions seen in the 
other muscles are due not to variable concentrations of nucleotide, but 
to a variation in the specific activity of the nucleotide at different points 
across the fibre. In any case such unevenness of specific activity would 
have had its origin before the muscles were dissected, and the lines of 
gradient would be found directed at the blood vessels, not at the muscle 
surface. 

The concentration of isotope in the muscle. The uneven distribution of 
isotope in the fibre cross-section means that an over-all estimate of activity 
in the muscle has to be made by counting grains over the entire cross- 
section of one or more individual fibres. A 0-4. cross-section, cut at 45° 
to the muscle axis, exposed for 5 days, gave a total grain yield of 920 
over one selected fibre; this works out as 4:9 grains/100y?.day. The 
isotope content of the tissue is calculated on the same basis as before 
(Hill 1959a): (1) Each electron yields one grain. (2) Self-absorption 
within a 0:4, section accounts for a loss of 45° of the total emission. 
(3) One half of the electrons are emitted towards the emulsion. For this 
fibre the calculation gives 140 yc/g muscle. The frog (No. 1) was injected 
with 230 uc/g. The content of this particular fibre, deep in the muscle, is 
therefore higher by a factor of about 2-2 than that shown by the carbon- 14 
tests for fibres near the surface of the muscle. The latter also appear in 
Pl. 1, fig. 1, to have a somewhat lower isotope content than that of the 
deep fibres. 

Stained longitudinal sections. An autoradiograph superimposed on a 
stained longitudinal section of the normal muscle is shown in PI. 2, fig. 1. 
Comparison with a similar specimen produced by the earlier technique 
(Hill, 1959, Pl. 2) shows the present improvement in clarity of grains and 
striations. 

The grain counts in longitudinal sections were found to vary over a 
tenfold range, as is consistent with the distribution seen in transverse 
section. Counts were made from areas of low, moderate and high 
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concentration. The results were as follows, with the estimated isotope 
concentrations given in brackets: 


High: 11-7 grains/100 p?.day (230 pe/g) 
Moderate: 3-9 grains/100 y?.day (71 pe/g) 
Low: 1-2 grains/100 p?.day (22 ye/g) 


The sections were 0-8 or 1-0 thick, and self-absorption accounted for a 
loss of 60 or 66% of the total emission. 

These figures should be compared with the average value of 140 yc/g for 
the fibre as a whole. It is clear that the lowest concentration is probably 
no higher than that found in a specimen from which the free, extractable 
nucleotide had been removed; in other words, practically the whole of the 
mobile nucleotide has diffused out of the regions of lowest concentration 
to take the place of that precipitated elsewhere. 

Analysis of distribution. Analyses of grain distribution in relation to the 
centres of the A and I bands were made for areas corresponding to the 
high, moderate and low grain yields. These analyses were done in the way 
described elsewhere (Hill, 1959a). The results are shown in Text-figs. 1, 2, 3. 
It is seen that the distributions are essentially the same irrespective of 
the grain density, showing that the bound nucleotide has the same dis- 
tribution as has the fraction with transverse mobility. In each case there 
is a distinct peak close to the A-I boundary, on the I side of this boundary. 
In other words, there are two lines of aggregation in each I band, one on 
each side of the Z line. The distribution of grains towards the Z line falls 
off steeply : on the other side, towards the centre of A, the fall is less steep, 
and there is a slight indication of a further peak as the centre of A is 
approached. The over-all width of the I band is 1-01 and the centre of the 
peak in the distribution is only about 0-9 » from that of the other member 
of the pair; yet it appears that these two lines of concentration have been 
clearly resolved apart. Reference to Hill (1959a, Text-fig. 7) shows that 
discrimination of this order should be possible with tritium, but the 
steepness of the descent from the peak is greater than would have been 
expected, even if the effective diameter of the grain profile which is 
presented to the emitted electrons is taken as 0-15 or 0-2, rather th 
0-3 as hitherto suggested. The assumptions made previously regarding 
the resolving power with tritium were based on very scant evidence, and 
it would seem that the actual power of discrimination is rather better 
than had been concluded from the previous calculations. 


The total quantity of radioactive material which would have to be . 


situated in the position of the peak to give the distribution which is actually 
found is estimated by adding up the total number of grains in the part of 
the distribution which lies on the I side of the peak. This implies an 
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absence of any other source in the I band. The sum is equal to one half 
of the total number due to the source assumed to be lying in the position 
of the peak. The remainder, all on the A side of the peak, have to be 


100. 

a 
2 

24 | 45 | 62 [103] 124] 91 | 72 | 58 | 49 61 | 55 | 37 


B 


A 


Text-fig. 1. Distribution of grains oVer a section of normal muscle. Area with high 
nucleotide content (230 pe/g). A total of 841 grains is represented. These are 
grouped in 13 blocks between the centre of the I band (arrow at left) and the centre 
of A (arrow at right). The arrow at B is placed 0-75 from A and represents the 
position of the A~I boundary. Sarcomere length 2:5. Muscle section 0-8 « thick; 


exposure 1] days. 


accounted for by some other source. The proportion lying in the I line- 
deposit is thus calculated. In Text-figs. 1, 2, 3 the number of grains attribut- 
able to the I line-deposit is twice the sum of the grains shown in blocks 
1, 2, 3, 4, and half of 5. The results are as follows: . 


Grains due to 
line-deposit aggregated in 
Region in I Total I lines 
High density 592 841 70-4 
Moderate density 1420 1979 71-7 
- Low density 536 801 66-9. 


Thus the distribution is such that it could be accounted for if about 


70% of the total isotope present in the muscle were aggregated in narrow 
disks lying on either side of the Z line. The position of these disks is such 
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that, in accordance with the usual nomenclature, they may be called the 


N bands. It will be seen below that basophilic material lies in these same 


regions. 
The remaining 30 0%, of the nucleotide, which is the fraction not located 


in the N-band region, can be said to be located somewhere in the A-band. | 


Its position canpot be defined with greater precision than that. The rather 
uncertain indication of a peak near the centre of A is not suficient to 
allow an analysis. 
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| B A 
Text-fig. 2. Distribution of grains over a section of normal muscle. Area with 


moderate nucleotide content (71 juc/g). A total of 1979 grains is represented. 
Sarcomere length 2-5. Muscle section 1-0 py ick; exposure 21 days. 


The + use of transverse sections for analysis. One of the objections (Hill, 
4959a) to the use of oblique or transverse sections for improving the 
resolution with autoradiography by making use of a spread-out pattern 
of striations had been in connexion with the difficulty of seeing the stria- 
tions by polarized light in such preparations. The use of stained sections 
overcomes this particular obstacle, but the second objection remains, 
namely that, except in extremely thin sections, oblique cutting results in 
a confused picture due to overlapping of material from one part of the 
sarcomere with that from an adjacent one. Sections have to be as thin 
as 0-1 » before such overlapping ceases to be of importance. It was decided 
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not to use this method of improving resolution mainly for two reasons: 
first, the stain intensity in 0-1, sections would probably be insufficient 


for accurate locations, and secondly the danger of the dispersion of the 
lanthanum nucleotide increases when the sections are made thinner. The 
bizarre character of the striation pattern seen in a nearly transverse 
section, with its great range of band spacings, would also hinder any 


analysis. The bands in a muscle are seldom at right angles with the long 


axis, and they are often seen to be curved, so it is not surprising that very 
small parts of most transverse sections are sufficiently parallel with the 
striation planes to give a useful ‘magnification’ of the band pattern. 
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| B A 
Text-fig. 3. Distribution of grains over a section of normal muscle. Area with low 


nucleotide content (22 yc/g). A total of 801 grains is represented. Sarcomere length 
2-5. Muscle section 1-0 thick; exposure 21 days. 


The stain pattern in normal muscle 


The effect produced by staining a muscle section through the auto- 
radiographic film (Pl. 2, fig. 1) is sufficient for the purpose of referring the 
grains to the A and I bands, but it does not show clearly the real form of 
the stainable material. The stain pattern and its variation under certain 
conditions has been studied in sections which were not covered with the 
film. The basic dye crystal violet has been used, and a few experiments 
have been done with silver nitrate. 

The sections were stained through the methacrylate polymer. The 
permeability of the methacrylate was found to be variable, as judged by 
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the time required for staining to full intensity. Some blocks prepared on 
an earlier occasion from the m. ext. long. dig. IV gave sections with a 
much higher stain permeability than those used for the autoradiographs, 
and it was found that with these highly permeable sections the stain 
pattern was changed by prolonging the action of the stain solution or by 
raising its temperature. 

It was found that the permeability of the methacrylate was very greatly 
decreased by heating the slides to 160-180° C for a few minutes before 
staining. At 180° C the methacrylate was found to become so impervious 
that extremely prolonged staining was necessary at room temperature, 
and the staining was sometimes done at 40-50°C to accelerate it. In 
sections which had been heat-sealed in this way the stain pattern was of 
the form shown in PI. 3, figs. 1, 2. The stain in the I band is in two lines, 
near the boundary with A. These will be referred to as the N bands, for 
they probably correspond with the bands so designated by the microscopists 
of the last century. 

The result of staining an unheated section may be quite different, 
though only in those cases where the methacrylate has a high permeability. 
The sections from the radioactive muscle were relatively impermeable 
without previous heating, and though the definite separation of the lines 
in the I band was generally (though not always, e.g. Pl. 3, fig. 3) obscured 
by blurring of their outlines, the stain remained in the I band, as in PI. 2, 
_ fig. 1, where there is actually a faint indication of the division into N bands. 
On the other hand, sections from the block with relatively permeable 
methacrylate gave the normal pattern only if they had been heated to 
160-180° C before staining; when they had not been heated they gave a 
variety of patterns, some entirely different from the normal, and similar 
to those seen in the glycerol—water-extracted muscle. The variety of 
patterns shows stages in a definite sequence, starting with the normal 
N bands and ending with the pattern seen in Pl. 4, fig. 5. The order in 
this sequence was fairly obvious, because successive stages can be seen 
merging, one into the other, in neighbouring sarcomeres, or even. in one 


and the same sarcomere (Pl. 3 figs. 5, 6). The first change is seen as a 


blurring of the N bands: each band appears to spread in both directions 
along the sarcomere, so that the light space between the N bands fills up, 
and their outer boundaries become further apart (bottom of PI. 3, fig. 5). 
The next stage involves further longitudinal spread of the stain (PI. 4, 
fig. 2); the stain which in the previous stage had filled up the centre of 
the I band now remains as a sharply defined Z line. The spread towards A 
is halted at a well defined line just inside the A band. At this stage the 
non-banded, diffuse part of the stain remains in I. Next (PI. 4, fig. 3) the 
non-banded stain has been transferred from I to A. This is followed by 
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stages (Pl. 4, fig. 4) where there is a progressive loss of the non-banded 
stain, leaving finally a simple banded pattern, as seen in PI. 4, fig. 5, 
consisting of a Z line and two lines just within the boundaries of the 
A band: the latter will be referred to as ‘A lines’. This end-result has been 
found only in the glycerol-water-extracted muscle. When it occurs it is seen 
that the muscle has begun to show separation into myofibrils; this suggests 
that sarcoplasmic elements, now removed, held the non-banded stain. 
The movement of the stainable material in a section of the normal muscle 


- occurs only in the presence of the stain itself. Sections of the block which 


showed the greatest readiness to give the transformed stain pattern were 
not affected by treatment with a stain-free buffer solution, even at a 


raised temperature. A section which, before heat-sealing, would have 


given the pattern of Pl. 4, figs. 2, 3, was immersed in 100 mm pH 4 buffer 
at 60° C for 8 min. It was then sealed by heating at 185° C for 10 min. 
It was stained in the usual way; a sharp N-band pattern was obtained. 
It appears from this that the stainable material is mobilized by the 
presence of the dye cations, and that the formation of a compound with 
the dye is necessary to confer mobility on the stainable material. 

In transverse sections presenting the N-band pattern the stain intensity 
is uniform over any individual fibre. This means, in view of what has been | 
found concerning the uneven distribution of free nucleotide, that the latter 
does not stain. It was suggested (p. 350) that a compound with free 
nucleotide is, in fact, formed by the dye, but that it is washed out of the 
section either during staining or during the subsequent washing in buffer. 
This could be tested by making autoradiographs of previously stained 
sections, to see whether the aggregates of free nucleotide had been 
removed. 

Silver nitrate staining of muscle sections. Dempsey, Wislocki & Singer 
(1946) demonstrated the argyrophilic properties of regions of isotropic’ 


_ muscle corresponding with the N bands. The double sets of lines reported 
_ in the earlier paper (Hill 1959a) and attributed to a reaction with the 


silver in the autoradiographic emulsion probably indicate the same 
elements in the sarcomere. 

Experiments were done to test the reaction of ee nitrate with metha- 
crylate-embedded sections cut from the osmium-—lanthanum-fixed muscle. 
No reaction in the form of a silver deposit could be obtained. It seems likely 
that this failure to react with silver is due to the presence of lanthanum, 
which blocks the binding sites, for in a lanthanum-free preparation, fixed 


| by freezing, a good silver reaction was obtained. 


Preparation of the muscle for silver staining. To prevent the formation of 
ice crystals, which were probably responsible for the imperfect preservation 
of a muscle by freeze-drying in the earlier work (Hill, 1959a), tests were 
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made to see whether the living muscle (m. ext. long. dig. IV) could be 
equilibrated with glycerol up to 2-0 m in Ringer’s solution. At this con- 
centration glycerol would at least greatly reduce the damage by formation 
of ice. It was shown, however, that even with a very slow increase of the 
glycerol content of the Ringer’s solution a concentration exceeding 1-5m 
was toxic. Some benefit, though not perfect preservation, would be likely 
to result from using a weaker glycerol mixture. A muscle was therefore 
equilibrated with 1-0m glycerol, the concentration being raised slowly 
over a period of 24 hr at 2°C. It was then electrically excitable. It was 
rapidly frozen at — 160°C. In the presence of glycerol the muscle could 
not be dried in the usual way by low-temperature vacuum evaporation, 
so the ice and glycerol were removed by ethanol substitution at — 80° C 
over a period of 3 days. The muscle was embedded in methacrylate and 
sectioned at 1-5. The muscle structure, as seen by polarized light, was 
found to be relatively well preserved, and definitely better than that 
seen in muscles prepared without using glycerol. The sections were stained 
_ by floating them on an unbuffered solution of silver nitrate (1-47 mm) at 
50° C for 3 min. After washing the sections by transference to the surface 
of pure water, they were picked ‘up on slides and immersed in ordinary 
photographic developer for 5 min to reduce the silver salts to visible 
metallic silver deposits. 

The picture so produced was variable, and although i in most parts of a 
section a pair of lines in the N band region was discernible it was always 
superimposed on a background of silver granules which sometimes 
practically obscured it. A clearer picture was obtained by removing soluble 
material from the section with hot water before staining with the silver 
nitrate. The lines of'silver deposit in the I bands were thus greatly clarified 
(Pl. 3, fig. 4). 

Although, as with the basic dye, there is little information regarding 
the identity of the material so revealed, it may be said that bound phos- 
_ phate is probably a constituent which could be located by this method. 
Free nucleotide is readily removed from thin methacrylate sections of a 
muscle fixed by freezing (Hill, 19592); the same is probably true for other 
free phosphates and for chloride ions. Buffering the silver nitrate at pH 4, 
which should preclude the formation of silver proteinates through the 
carboxyl groups, makes no difference to the stain pattern, so binding by 
protein is not involved. 

The argyrophilic sites are arranged in a regular order across the muscle, 
at a spacing corresponding with the myofibrils, but it is not possible to say 
whether they lie on the myofibrils or between them. It seems very likely 


that they correspond with the N bands as seen by staining with the basic 
dye. 
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The spacing of the N bands. The polarized light microscope showed 
clearly that the N bands revealed either by the basic dye or by the silver | 
lie within the I bands, and this was confirmed by measurement. In PI. 3, 
fig. 2, the length of the sarcomere is 2-7. The A band has a constant 
length of 1-54 (Huxley & Niedergerke, 1958), so the I band is 1-2. The 
separation of the N bands is 0-74. In the silver-stained specimen (PI. 3, 
fig. 4) the sarcomere length is 3-1, the I band is therefore 1-6u. The 
spacing of the N bands is 0:98. (The blocks were sectioned so that the 
knife moved at right angles to the long axis; compression of the metha- 
erylate has therefore not interfered with the accuracy of the above 
measurements.) The dependence of the spacing of the N bands on the over- 
all sarcomere length is a point of some interest which is discussed below. 

The position of the bands in the fully extracted condition (PI. 4, fig. 5) 


js also of interest. The lines on either side of the A band have their outer 


edges 1-4 apart and their inner e@ges 0-8» apart, each band being 0-3 u 
wide. This shows in the first place that the bands lie entirely within A; 
secondly, taking the length of the I filaments as 2-01. (Huxley, 1957), the 
amount of overlap of the A and I filaments for the present sarcomere 
length (2-2) should be 0-65, which is more than twice as much as the 
width of the observed bands. These bands, therefore, do not correspond 
with the regions of overlap of the A and I filaments, and they must 
represent some independent element in the A band, adjacent to the 
A-I boundary. 


Autoradiography of the poisoned muscles 

In transverse section the autoradiographs (PI. 1, figs. 2, 3) of the muscle 
fixed at the peak of a caffeine-induced contracture and of the muscle 
stimulated to exhaustion after poisoning with iodoacetate and cyanide 
are essentially similar to those of normal muscle. They show: the same 
type of uneven distribution, with aggregation near the fibre surfaces, 
which denotes the transverse freedom of diffusion within the fibre. This 
finding is discussed later. | 

The longitudinal distribution, with reference to the bands, could. not 
be ascertained, because the striations could not be seen, except in scattered 
small patches, either by staining or in polarized light. It is not known 
whether the disorganization responsible for this was caused by the myo- 
fibrils having lost transverse register with one another (the result, perhaps, 
of violent mechanical stresses), or whether some more profound destructive 
change had supervened. It can only be said that the degradation had not 
proceeded to the point at which nucleotide had been able to escape from 
the fibres, for the over-all concentration of isotope was approximately 
the same as that of the normal miuscle. 
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Autoradiography of the glycerol—water-extracted muscle 

Transverse sections. The autoradiographs (Pl. 1, fig. 4) of the extracted 
muscle show an even distribution of the isotope within the fibres and they 
are in this respect in striking contrast with those made from sections of 
_ the normal muscle. The grain count averaged for several separate areas 
over a 0:5 transverse section was 0-76 grains/100 y.*.day, corresponding 
to 19 ue/g. This muscle was taken from frog 2, which had received 167 j.c/g, 
so the yield, scaled to correspond with the injection given to frog 1 
(230 ye/g) would be 26 e/g. It was found that the isotope concentration 
in the normal muscle was 140 yc/g. Thus the extracted muscle held 19% 
of the nucleotide originally there. This is higher than the value expected 
from the carbon-14 experiments with glycerol—water extraction, though it 
is close to that for the water extraction. | 

Longitudinal. sections. The stain pattern of the extracted muscle in 
longitudinal section shows that the changes resulting from extraction 
were incomplete at the time when the muscle was fixed, for the pattern 
had a variety of forms in different parts of the muscle, within different 
parts of the same fibre, and even in one and the same sarcomere (PI. 3, 
fig. 6). The only stage in the transformation at which it was possible to 
obtain a sufficient area of section showing a consistent staining reaction 
was that seen in Pl. 2, fig. 2. The grain yield in this region was 0-97 grains/ 
100 »?.day, and for the section thickness of 1-0, this corresponds to 


18 ue/g, which is about the same as that found from the transverse sections. | 


The analysis of grain distribution is shown in Text-fig.. 4. When this is 
compared with the analysis for normal muscle (Text-figs. 1, 2, 3) it is seen 
that the isotope has now become distributed in a quite different way. 
The concentration is now at its peak on the Z line, and there may be a 
secondary peak in A about at the position which is seen stained in the 
later stages of extraction (Pl. 4, fig. 5). In the normal muscle, lines only 
0-9 1 apart appear to have been satisfactorily resolved as separate sources. 


In the extracted stain pattern the lines are only 0-7-0-8 apart, and the 


chance of their individual resolution by autoradiography is much reduced, 
even by this relatively small decrease in separation. There is not, in fact, 
enough evidence to say whether the new distribution consists, in part at 
least, of lines of nucleotide aggregation at sites corresponding with the 
lines seen a by staining. 
DISCUSSION 
Autoradiography 

Resting muscle. The analyses show that in a depolarized, osmium- 
lanthanum-fixed muscle a high proportion, about 70%, of the nucleotide 

lies in two bands, possibly the N bands, within the isotropic region of the 
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sarcomere. This proportion is much higher than the 20° estimated in the 
earlier experiments (Hill, 1959a) where the muscle was fixed by freezing. 
The muscle structure is well preserved after ‘chemical’ fixation, and the 
possibility of dispersion of the nucleotide is reduced by its being bound 
by lanthanum. From this point of view the present results are the better 
for having used ‘chemical’ fixation. On the other hand, this kind of 
fixation results in an abnormal distribution of nucleotide within the fibre. 
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A 
Text-fig. 4. Distribution of grains over a section of extracted muscle. Isotope 
content of muscle, 18 ye/g. A total of 1487 grains is represented. These are grouped 
in 10 blocks between the centre of the I band (arrow at left), and the centre of A 
(arrow at right). The arrow at B is placed 0-75, from A, and represents the 
position of the A-I boundary. Sarcomere length, 2-7 4. Muscle section 1-0 » thick; 


exposure 23 days. 


It is almost certain that this is attributable to the slow saidiailias of the 
nucleotide precipitant through the fibre surface, allowing the nucleotide 
time to diffuse to the site of precipitation. The redistribution might, at 
first sight, be supposed to have rendered the results too artificial to have 
any relevance to normal muscle. This is not necessarily so if the analysis 
is confined to the longitudinal axis, that is with reference to the boundaries 


of the A and I bands. It is clear that the nucleotide has a transverse 
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freedom of movement within the muscle fibre, but any preference for siting 
at particular points on the longitudinal axis is not necessarily affected by 
allowing transverse movement to occur. This transverse movement is 
caused by diffusion towards a vacant region created by nucleotide having 
been rendered insoluble at that point, and one might argue that since the 
only change encountered by the free nueleotide molecules while this 
precipitation is proceeding is in the concentration around them of their 
own species an abnormal, or false, picture would show up in the form of a 
difference in distribution as between the areas of the fibre where there are 
ultimately high concentrations of isotope, and those of low concentration, 
No such difference is found. Actually it is surprising to find that the 
percentage of the total nucleotide which is aggregated in the N bands should 
be the same irrespective of whether the area is one of high or one of low 
concentration. In the regions of lowest density it is likely that the nucleo- 
tide is of the bound variety, possessing no transverse mobility before 
fixation; where there is the highest density practically all the nucleotide 
had freedom to diffuse before it was precipitated by lanthanum. There is 
a fundamental difference between the two forms, yet it is not reflected in 
a difference in their distribution. The same thing was found to be true in 
the earlier work (Hill, 1959a), where the distribution in relation to the 
bands for a section which had been protected against water was more or 
less identical with that seen when the water-soluble material had been 
removed. | 

The combination of transverse freedom of a large part of the nucleotide 
with longitudinal restraint is possibly associated with a tubular system of 
communication. No transverse gomponent of the endoplasmic reticulum 
has been described, in amphibian muscle, in the N-band region of the 
sarcomere. It is possible, however, that the facility for transverse diffusion 
may be provided by the specialized structures described by Porter & 
Palade (1957), and referred to as ‘triads’, which lie in the spaces between 
the myofibrils in the region of the Z line, for there is evidence that the 
middle elements of the triads are connected together to form a trans- 


‘verse system of communication along the region of the Z line. 


Another difference between the present and earlier series of experiments 
has to be considered. This is the state of polarization of the muscle mem- 
brane at the time of fixation. In the earlier experiments the muscle was 
frozen without prior depolarization; in the present series depolarization 


_ was inevitable though the conditions were such that the muscle showed 


no mechanical change. The difference in the results is conceivably due to 
the change from the polarized to the depolarized state ; it would be necessary 
to do further experiments with a freeze-dried depolarized muscle to 
show whether this is so. 
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The N bands. The nucleotide-rich zones in the I band lie in the position 
of the N bands. These bands have been described (Retzius, 1890) as being 
probably formed by rows of regularly aligned granules, though the term 


‘granules’ would now be interpreted as meaning ‘aggregations’ or ‘in- 


clusions’, possibly within elements of the sarcoplasmic reticulum. The 
basophilic material of Pl. 3, figs. 1, 2, 3, shows signs of being divided into 
aggregates with the same spacing as the myofibrils, and this particulate 
appearance is most marked with the argyrophilic material of Pl. 3, fig. 4. 

It is interesting that some of Caspersson & Thorell’s (1942) photographs 
show the ultra-violet absorbing band to be double; this, also, suggests 
that there is a concentration of nucleotide in the N-band region, 

Dempsey ef al. (1946) have a number of observations to make on the 
basophilic and argyrophilic material of striated muscle. By means of a 
silver method, the N bands are clearly revealed. (These authors point 
out that the argyrophilic bands may indicate sites of adenine nucleotide, 
the reaction being due to the result of hydrolytic liberation of the ribose 
which then reacts with silver.) 

Dempsey et al. (1946) were not able to explain the apparent contradiction 
between Caspersson & Thorell’s (1942) statement that nucleotide is con- 
fined to the I band, and the fact that the basophilic material, as revealed 
by staining is generally described as being in A. Clavert, Mandel & Jacob 
(1949), for instance, using a method of staining with basic dyes, show the 
presence of ribonucleic acid largely within the A band. Some light is 
thrown on this matter by the results given here; it appears that under 
conditions which are likely to favour the status of normality by hindering 
the mobility of diffusible material, basophilia is largely seen in the I band. 
It is readily mobilized by the stain itself. 

The spacing of the N bands is probably dependent on the sarcomere 
length. Dempsey el al. (1946) have also suggested that the spacing of the 
N bands depends on the length of the muscle, the bands being furthest — 
apart when the muscle is extended and apparently coalescing into a single 
line in a highly shortened muscle. This is an interesting point, because 
the N bands are outside the region where the A and I filaments overlap, 
and they must therefore be drawn to and fro by some unknown connexion 
with the A band. Elements of the endoplasmic reticulum (Porter & Palade, 
1957) may prove to constitute this connexion. In amphibian muscle the 
reticulum is made up of a mid-A cisterna, connected by longitudinal 
canalicular elements with the terminal vesicles in the I band. If the N 
band material lies within the sarcoplasmic reticulum these longitudinal 
connexions might cause the N-band spacing to vary when the muscle 
lengthens or shortens; this would depend on the relative extensibility of 
the various elements of the reticulum. If the elements through A were less 
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extensible than those connecting the vesicles on one side of the I band with 
those on the other, the distance between an N band and the boundaries 
of A would tend to remain constant. 

Perhaps the electron microscope will be the means of giving farther 
information on the N-band material and on the structures within which it 
lies. This will depend on the electron density of the precipitated lanthanum 
nucleotide. The difficulty may lie in ensuring the retention of lanthanum 
in water-floated sections of less than 0-1» thickness. 

Poisoned muscles. The results with the caffeine- and with the iodoacetate- 
poisoned muscles have been limited to observations on the distribution 
of the labelled material in transverse sections. It is quite clear that even 
after extreme metabolic activity the transverse mobility of the nucleotide 
is maintained: there is no evidence of any increase in the binding of 
nucleotide to structural protein, or to sarcoplasmic structures, under such 
conditions. 

It is worth recalling that Caspersson & Thorell (1942) found a difference 
in the location of ultra-violet absorbing material in fatigued as compared 
with resting insect muscle fibres. The sharp outline between the bands 
seen at the nucleotide-absorbing wave-length was more or less smudged 
out in the fatigued muscle, and the absorbing material appeared to spread 
towards the middle of A through a system of fine tubules. In the present 
experiments the disappearance of organized structure in the poisoned 
muscles has prevented any analysis being made of the longitudinal location 
of nucleotide in the fatigued state. 

The glycerol—water-extracted muscle. The situation in the glycerol—water- 
extracted muscle is rather confused because the process of extraction is 
largely incomplete, as judged by the variability of the stain pattern in 
different parts of the muscle. It is possible to sort out the sequence of 
stages in the pattern as the extraction proceeds but it is virtually im- 
possible, with the amount of information available, to say how the over-all 
concentration, or the distribution of isotope in the sarcomere, changes with 
each stage. One stage alone (PI. 2, fig. 2) was sufficiently represented to 
allow analysis to be done. Here the distribution of isotope was found 
(Text-fig. 4) to be entirely different from that seen in the normal muscle; 
the N-band aggregate has been lost and replaced by a Z—A type of distribu- 
tion. It was pointed out above (p. 366) that in the regions of lowest 
nucleotide concentration in the normal muscle what remained could be 
regarded as bound. If this fraction is identical with that remaining after 
extraction, it appears that it has been shifted by the action of glycerol- 
water to a new position, at least for the stage, which could be analysed. 
The evidence is too scanty to say whether a parallelism between stain 
pattern and nucleotide location obtains in general. 
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The meaning of the stain pattern is in many respects quite obscure. The 
change from one type of pattern to another can be interpreted either in 
terms of bodily transposition of the stainable molecules or, alternatively, 
of the transfer of stain affinity from one set of structures to another by 
migration, perhaps, of phosphate ions. It has been seen that in some 
circumstances, when the embedding medium retains a certain degree of 
permeability, the transformation can be made to occur even in fixed 
material, and an hypothesis involving movement of large molecules such 
as those of nucleic acid (even the smaller molecules of ribonucleic acid) 
would seem to be very far-fetched. Only two points seem fairly clear. 
First, the N-band stain represents bound and not free nucleotide, for the 
intensity of staining is constant, and bears no relation with the distribution 
of the isotope in transverse sections of normal muscle. Secondly, at the 
other end of the sequence, the most highly extracted portions of the 
glycerol-water-treated muscle may be assumed to have lost the acid- 
soluble nucleotide, leaving the ribonucleic acid in the formation seen in 
Pl. 4, fig. 5. If these ideas are correct it is surprising that one never sees 
the two patterns together; this may be due to the difference in stain 
affinity of the N bands, and of the A and Z lines. The N-band material 
stains more darkly than the A and Z material (this is not noticed in the 


» figures because of the adjustments in contrast during photography), and 


in addition there is always a generalized staining of the whole sarcomere, 
though only faintly, under conditions when the N bands are seen. For 
both these reasons the A. and Z lines may be obscured. 

At the extreme end of the sequence, with the simple A and Z lines 
remaining, the myofibrils are in process of becoming separated, and in 
some parts of the muscle they are entirely free from one another. Under 
these conditions all sarcoplasmic elements, including the tubular reticulum, 
have probably been lost. The material which stains must be firmly attached 
to the myofibrils themselves. Perry & Zydowo (1959), finding ribonucleic 
acid in well-washed myofibrils, have said, on similar grounds, that it 
cannot be associated with the sarcoplasmic elements. The apparent 
parallelism in the loss of the diffuse stain and the loss of the sarcoplasmic 
constituents is evidence for the view that this diffuse fraction of the stain- 
able material lies either free in the sarcoplasm or in the reticulum. For 
that reason the mobility of this fraction is not so questionable as that of 
the fraction (thought to be ribonucleic acid) with undoubted fibrillar 
rather than sarcoplasmic connexions. 

Just as the N bands are interesting in their relationship with the A-I 
boundary, so likewise are the lines seen in the extreme stages of glycerol-— 
water extraction. The pair of lines within the A band have the significant 
property of being so narrow that they cannot simply be indicating the 
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regions of overlap of the A and I filaments. They therefore represent some 
distinct feature in the A band, the counterpart, as it were, of the N bands 
which are immediately adjacent to the other side of the A-I boundary. 


Ultra-violet dichrovsm 

Measurement of the ultra-violet dichroism of frog’s muscle (Hill, 19595), 
showed that the dichroism associated with adenine nucleotide was such 
that it would be caused by transverse orientation of less than 10°, of the 
molecules present in living muscle. The remaining 90% could be regarded 
as ‘freely mobile at least within its own sphere (for instance, within a 
sarcoplasmic vesicle), if not within the fibre as a whole’. This is consistent 
with the conclusion arrived at here in respect of the transversely mobile 
nucleotide, which amounts to about 90% of the whole: it clearly has 
freedom of movement in two dimensions, so its lack of binding to oriented 
‘structures precludes any likelihood of its taking up a eset orientation 
in relation to the muscle axis. 


SUMMARY 


1. Tritium-labelled adenine nucleotide was located in sections of the 
sartorius muscle of the frog by autoradiography. The frog was injected with 
tritiated adenine, and this was converted into nucleotide within the body. 

2. Earlier work on the same problem had been handicapped by the 
poor preservation of a muscle fixed by freeze-drying. In these experiments 
osmium tetroxide fixation was used, with lanthanum as the nucleotide 
precipitant. 

3. The muscle sections were stained with a basic dye to enable the 
striations to be seen clearly, and it was possible to locate the autoradio- 
graphic grains with greater accuracy than hitherto. 

4. It appears that about 70° of the adenine nucleotide is located in 
the region of the N bands, within the isotropic part of the sarcomere. 

5. Although the nucleotide shows this definite binding in the longitudinal 
direction, it appears to be free to move transversely across the muscle, and 


the slow penetration of the nucleotide precipitant during fixation results 


in accumulation of the isotope near the surfaces of the fibres. 


6. The distribution of nucleotide in a muscle extracted with a glycerol-. 


water mixture was also examined. 

7. Metabolic exhaustion caused by isdacesiniearunbie, or by caffeine, 
so disorganized the structure of the muscle that the longitudinal distribu- 
tion of nucleotide could not be investigated. It was found that under 
such conditions the transverse mobility of the nucleotide was maintained. 


8. The stain pattern with basic dyes takes on a variety of forms and 


has proved to be of some interest. 
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EXPLANATION OF PLATES 


PLATE 1 


Fig. 1. Autoradiograph of a transverse section of a normal tritium-labelled sartorius 
muscle.’ Section thickness 1-0 1. Exposure 22 days. The section is unstained, and to show 
the location of the isotope at low power the autoradiograph has been over-developed 
(30 min in Kodak D. 19b), and the degree of shading represents the extent of radioactivity. 
The isotope, indicating the adenine nucleotide, is unevenly distributed in the individual 
fibres and this effect is most marked in the fibres near the centre of the muscle. The outer 
surfaces of the muscle are at the top and bottom of the figure. 

Fig. 2. Autoradiograph of a transverse section of a sartorius muscle poisoned with iodoacetate 
and cyanide, and stimulated to exhaustion. Section thickness 0-54; exposure 35 days. 
Unstained. The autoradiograph was over-developed (30 min in Kodak D. 19b), and the 
degree of shading represents the extent of radioactivity in the different regions. The outer 
surfaces of the muscle are at the top and bottom of the figure. 

Fig. 3. Autoradiograph of a transverse section of a sartorius muscle fixed at the peak of a 
caffeine contracture. Section thickness 0-4 p. Exposure 27 days. Unstained. The auto- 
radiograph was over-developed (30 min in Kodak D. 19b). The outer surfaces of the muscle 
are at the top and bottom of the figure. 
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Fig. 4. Autoradiograph of a transverse section of a sartorius muscle extracted in glycerol- 
water before fixation. Seciion thickness 0-5y. Exposure 35 days. Over-developed for 
30 min in Kodak D.19b. Unstained. The grain yield, representing the nucleotide con. 
centration, is uniform within the individual fibres. 


PLATE 2 


Fig. 1. Autoradiograph of a longitudinal section of the tritium-labelled normal muscle. 
Section thickness 1-0. Exposure 21 days. Section stained with crystal violet, showing 
the I bands dark. 

Fig. 2. Autoradiograph of a longitudinal section of the glycerol-water-extracted muscle, 
Section thickness 1-0. Exposure 23 days, Section stained with crystal violet, showing 
the Z line and the A band dark. 

Fig. 3. Higher-power photograph of part of the specimen shown in PI. 1, fig. 1; the aggrega- 
tion of nucleotide near the surfaces of the fibres is very marked. 

Fig. 4. Higher-power photograph of part of the specimen shown in PI. 1, fig. 1. These fibres 
are near the surface of the muscle, and the aggregation of nucleotide near the surface of 
the fibre is less marked than it is in fig. 3. 


PLATE 3 


Fig. 1. Section of a normal m. ext. long. dig. IV fixed in the i lanth mixture, 
The section was heat-sealed at 185° C for 10 min, and stained with crystal violet. Sarcomere 
length, 2-63 

Fig. 2. Section of a normal m. ext. long. dig. IV fixed in the i lanth m mixture, 
The section was heat-sealed at 190° C for 13 min, and stained with crystal violet. Sarcomere, 
2-73 p. 

Fig. 3. Section of a normal sartorius muscle, fixed in the osmi lanth mixture. The 
section was not heat-sealed before staining with crystal violet, 

Fig. 4. Section of a freeze-dried m. ext. long. dig. IV stained with silver nitrate. The pairs 
of lines lie within the I bands. Sarcomere, 3:14 yp. 

Fig. 5. Section of a glycerol—water-extracted sartorius muscle, cut at 45° to the axis. 
Section thickness, 0-4. Stained crystal violet. This specimen was selected to show how 
the stain pattern varies within an individual fibre of the extracted muscle. At the bottom 
the stain is in the I band; at the top, the Z line and the A lines are stained. | 
Fig. 6. Section of a glycerol—-water-extracted sartorius muscle. Section thickness, 0-8 y. 
Stained crystal violet. This specimen was selected to show how the stain pattern may vary 
within one and the same sarcomere. On the right the whole of the I band is stained; on 
the left the stain is seen only in the Z line and in the A lines. 


PLATE 4 


Fig. 1. Section of the extracted muscle cut at 45° to the axis. Section thickness, 0-4y. 
Stained crystal violet. The stain pattern. is at the stage where the stain in I is spreading 
towards A, and the Z line has become prominent. The example is selected to show the 
honeycomb-network of channels between the Z line and the A lines. 

Fig. 2. Section of a m. ext. long. dig. IV, 0-8 u thick, stained in crystal violet. The metha- 
crylate in this section showed high permeability, and it was not heat-sealed before staining. 
The stain is no longer in the N bands (compare PI. 3, fig. 1), but prominent Z and A lines 
have formed. The non-banded part of the stain is still in the I band. | 

Fig. 3. Another part of the section shown in Fig. 2. The non-banded stain is now present 
in the A band. 

Fig. 4. Section of the extracted sartorius muscle. Section thickness, 0-8». Stained crystal 
violet. On the right the Z and A lines are seen, Fs isncd with the non-banded stain in A. 
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On the left, in an adjacent fibre, the non-banded stain has been lost, but the striations are 
confused because the myofibrils have lost register with one another. ; 
Fig. 5. Section of the extracted sartorius. Section thickness, 0-2. Stained crystal violet. 
The final stage in the transformation of the stain pattern is seen here, with the stain present 
almost entirely in the Z and A lines. At this stage the myofibrils are becoming separated, 
and in the greater part of such a section the striations of the myofibrils are out of register 
with one another, as is seen in Fig. 4. 
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SYNAPTIC ACTION DURING AND AFTER REPETITIVE 
STIMULATION 


By D. R. CURTIS anp J. C. ECCLES 


From the Department of Physiology, Australian National University, 
Canberra, Australa 


(Received 1 September 1959) 


Under natural conditions synapses are activated by trains of impulses 
that may be of relatively high frequency. For example the annulo-spiral 
endings of muscle spindles often discharge impulses at frequencies as high 
as 200/sec (Matthews, 1933; Hunt & Kuffler, 1951; Eldred, Granit & 
Merton, 1953; Granit, 1955); and in conditions of extreme stress with 
activation by the gamma efferents the discharge frequency may be much 
higher (Matthews, 1933; Eldred et al. 1953) so that synapses may be 
activated at frequencies up to 500/sec. Presumably it is functionally 
desirable that such high frequencies should result in a greater rate of out- 
put of transmitter substance, the higher frequency of receptor organ 
discharge resulting in a greater synaptic excitation of motoneurones 
(cf. Granit, 1955). Repetitive synaptic activation of motoneurones has 
been studied by the monosynaptic reflex discharges generated thereby 
(Hagbarth & Naess, 1951; Eccles & Rall, 195la; Jefferson & Schlapp, 
1953; Alvord & Fuortes, 1953; Fuortes & Hubel, 1956; Evanson, 1956; 
Lloyd & Wilson, 1957; Lloyd, 1957a, b) and by the synaptic potentials 
recorded either extracellularly or after electrotonic spread to the ventral 
root (Eccles, 1946; Eccles & Rall, 1951a). In the present investigation 
repetitive synaptic activation has been studied in detail by intracellular 
recording from motoneurones. An investigation of the response to a second 
volley over a wide range of intervals leads on to a study of a wide range of 
frequencies of activation. | 
_ There have been many investigations of the changes in synaptic efficacy 

after single and repetitive stimulation (cf. Hughes, 1958). For example, 
there have been comprehensive studies by Bernhard (1947), Lloyd (1949, 
1952), Strém (1951), Eccles (1946), Brooks, Downman & Eccles (1950), 
Brock, Eccles & Rall (1951), Eccles & Rall (19516), Beswick & Evanson 
(1955a, 6) and Granit (1956) of changes signalled by the sizes either of 
monosynaptic reflexes or of the extracellular synaptic potentials in the 
spinal cord. By employing intracellular recording it has been possible to 
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achieve a more analytical investigation of this post-activation potentiation 
or depression. Intracellular recording of post-activation potentiation of 
monosynaptic activity has already been reported for standard condi- 
tioning tetani (Eccles, 1953; Eccles, Krnjevi¢ & Miledi, 1959). However, 
this present investigation has concerned the post-activation changes 
induced by a wide range of frequencies and durations of conditioning 
synaptic stimulation, from single stimuli to high frequencies of 30 sec 
duration. 

Furthermore, an attempt has been made to relate the changes in 
synaptic activity during repetitive stimulation to the changes observed 
post-tetanically. In the light of this information the effect of repetitive 
stimulation on the mobilization of transmitter substance will be discussed. 
Since the magnitude of post-synaptic potentials, particularly their rate 
of rise, is a measure of the action exerted by the synaptic transmitter 
(Eccles, 1957 ; Curtis & Eccles, 1959), the present experiments give evidence 
directly relating to the amount of synaptic transmitter released under the 
varying circumstances of the investigations. 


METHODS 
All experiments were performed upon motoneurones located within the lumbosacral 


segments of cats lightly anaesthetized with pentobarbital sodium. The spinal cord was. 
- divided in the lower thoracic region. The general methods were those in standard use in this 


laboratory (cf. Brock, Coombs & Eccles, 1952; Eccles, Fatt, Landgren & Winsbury, 1954; 


Coombs, Eccles & Fatt, 1955a). The intracellular responses were recorded by means of glass | 


micro-electrodes filled with 0-6m-K,SO, solution. Various muscle nerves were mounted on 
stimulating electrodes in a warmed paraffin pool. The stimuli were invariably above maximal 
for Group Ia afferent fibres, and were several times maximal during the long conditioning 
tetani. Except in special cases, excitatory post-synaptic potentials have been evoked by 
afferent volleys in the nerve supplying the muscle that is innervated by the motoneurone 
under investigation. The ventral roots of the L6, L7 and 81 segments were cut. The 
frequencies of the stimuli used were checked against a standard oscillator and were accurate 
to +5%. 


RESULTS 
Synaptic activation by a second volley 

As is illustrated by the intracellular records of Fig. 1A, the monosynaptic 
EPSP’s (excitatory post-synaptic potentials) set up by two afferent volleys 
in the same muscle nerve do not sum until the volley interval is less than 
about 20 msec. At shorter intervals the size of the second EPSP may be 
determined by subtracting the initial control response from the summed 
response. This procedure is justified because an analysis of the summed 
EPSP’s produced by two different volleys converging on the same moto- 
neurone has revealed that the second EPSP suffers a negligible depression 
on account of the superposition (Eccles, Eccles & Lundberg, unpublished 


* 
<a 
8 
> 
4 
‘ 


te 


376 D. R. CURTIS AND J.C. ECCLES 


observations). In Fig. 1B the EPSP produced by a second volley in the 
same afferent fibres was a little larger than the control for volley intervals 
up to 25 msec. Usually the second EPSP was depressed at all brief 
intervals (Fig. 2A, open circles; cf. Eccles, 1946), this depression passing 
off with volley intervals in excess of 1 sec. There is a corresponding depres- 
sion of a testing monosynaptic reflex (Bernhard, 1947; Brooks et al. 1950; 
Brock et al. 1951). However, depression of the EPSP was usually less with 
volley intervals briefer than 50 msec (Fig. 2A), there being thus a relative 
potentiation corresponding to the phase of considerable potentiation dis- 
played with other motoneurones (Figs. 1B, 2B). At volley intervals from 
50 msec to 1 sec depression was regularly observed. 


A 10 mV 


0-9 
Fig. 1. A. Monosynaptic EPSP’s set up in a gastrocnemius motoneurone (resting 
potential, — 74 mV) by two maximal Group Ia volleys in the gastrocnemius nerve. 

~The second stimulus was several times maximal strength for Group Ia in order to 
be maximal early in the refractory period; hence the polysynaptic waves on 
declining phase of its EPSP. Note calibration scale for d.c. amplifier and time 
in milliseconds. B. Plotting of relative size of EPSP’s evoked by second volley 
against volley interval for series partly illustrated in A. Measurement of size of 
second EPSP is shown in inset (higher amplification than A). 


When synaptic transmission was blocked by curare, a comparable phase of potentiation 
(usually 15-30%) for a second synaptic potential was found in the cat stellate ganglion 
(Eccles, 1943), and in the turtle superior cervical ganglion (Laporte & Lorente de N6, 1950). 
In the absence of curarization block a second volley caused an increased discharge from the 
cat stellate ganglion for volley intervals as long as 2 sec (Larrabee & Bronk, 1947), while at 
shorter intervals of activation (up to 0-3.sec) it was shown that a potentiated synaptic action 
was superimposed on the depression of ganglion cells resulting from their discharge to the 
conditioning preganglionic volley (Job & Lundberg, 1953). 

Mammalian neuromuscular transmission provides an even closer anata’ to the findings 
of Figs. 1, 2. At intervals up to several seconds the second volley sets up a diminished 
(range 60-90 % of control) end-plate potential (Eccles, Katz & Kuffler, 1941; Liley & North, 
1953; Lundberg & Quilisch, 1953); but with volley intervals briefer than 100 msec there is 
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often a relative potentiation above this depression (Liley & North, 1953), which may even 
be large enough to give an absolute potentiation (Lundberg & Quilisch, 1953; Hubbard, 
1959), just as in Figs. 1B, 2B. 


Thus the response evoked by the testing nerve impulse reveals that 
| activation of both the monosynaptic and mammalian neuromuscular 
synapses is followed by two opposed processes: a briefer phase of enhanced 
action is superimposed on a more prolonged depression; and the relative 


100 20 5 2 


Fig. 2. A and B are respectively biceps is and sailebiniunion moto- 
neurones with resting potentials of —65mV and —78mV. O, size of second 
EPSP against volley interval, as in Fig. 1B, except that the abscissa scale is 
logarithmic (note upper scales in milliseconds). @ , relative sizes of EPSP’s during 
the steady state obtaining after the first few responses at various frequencies of 
stimulation (cf. Fig. 3), as shown by the lower logarithmic scales in cycles per second, 
the two logarithmic scales being in fact identical. Note that in both A and B there 
is a considerable degree of correspondence between the curves for the second EPSP 
and the repetitive series of EPSP’s. 


intensities of these two processes vary considerably in different prepara- 
tions, so that one or the other may be dominant at brief intervals. Potenti- 
ation is much more prominent after a single activation of the amphibian 
neuromuscular junction, particularly when it is curarized (Schaefer & 
Haass, 1939; Feng, 1941; Eccles et al. 1941; del Castillo & Katz, 1954a, b), 
but probably it does not differ qualitatively from the potentiation at 
Mammalian synapses. 
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Repetitive synaptic stimulation 

| Repetitive stimulation evokes standard responses in those motoneurones 

in which the monosynaptic EPSP’s produced by maximum Group Ia 
volleys are virtually uncontaminated by superimposed polysynaptic 
EPSP’s or IPSP’s. When the temporal summation of EPSP’s does not 
evoke the discharge of impulses, a steady state is attained after the first 
few EPSP’s, even over a wide range of frequencies (Fig. 3; cf. Eccles & 
Rall, 1951 a); and this steady state is maintained for hundreds of responses. 


“msec 


100 msec 
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100 msec 100 msec 
Fig. 3. A, i C show repetitive monosynaptic EPSP’s (intracellular) evoked in 
biceps dinosus (resting potential —65mV), gastrocnemius (resting 


potential, —78mV) and deep peroneal (resting potential, —70mV) moto- 

‘neurones respectively; frequencies of stimulation are marked on each record. 
Time scales are in 100 msec, except for scale in seconds on top record of A; d.c. 
amplification throughout. Note potential scales for A, B and C. 


When the frequency is below 50/sec, there is virtually no overlap of the 
successive EPSP’s, and it is usually observed that there is a progressive 
decline in size over the first few responses until the uniformly depressed 
size is attained (Fig. 3.4, C). It will be seen in Fig. 3 that following each 
EPSP there is a prolonged after-hyperpolarization which sums during the 
-_ repetitive stimulation (Brock et al. 1952; Coombs, Eccles & Fatt, 19550). 
With higher frequencies the second and subsequent EPSP’s are, in addi- 
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tion, superimposed on the residuum of preceding EPSP’s. As a consequence 
these EPSP’s may attain a higher summit than the first, even though 
individually depressed in size (Fig. 3A at 80/sec). In Fig. 3 the plateaux of 
both the onsets and the summits of the individual EPSP’s have reached a 


| steady value within 200 msec. In different preparations the plateau may 


be reached, as in Fig. 3A, C, after an initial phase of rise and decline; or 
there may be a continued rise to the plateau (Fig. 3B at the higher fre- 
quencies). In part this initial phase is attributable to summation of the 
earliest EPSP’s, but it must also arise on account of the initial period of. 
adjustment of the EPSP to the steady-state size characteristic of that ~ 
frequency, and there is also the background of summed after-hyper- 
polarizations. Two procedures have been adopted in order to measure 
accurately the sizes of EPSP’s during the steady-state response to repeti- 
tive stimulation. 

The first method is applicable only during the steady state and under- 
estimates the size with those frequencies giving appreciable summation of 
successive EPSP’s, i.e. above 50/sec. If the sweep speed is sufficiently high, 
sweeps can be repeated at frequencies up to 100/sec, so giving super- 
imposed traces of EPSP’s. By a suitable delayer device the frequency can 
be set at as low a level as one pleases. In this way the superimposed traces 
of EPSP’s were obtained over a wide range of frequencies (cf. Fig. 4A). 
With frequencies of 1/sec or faster the camera shutter was opened after - 
the first few responses in order that all the superimposed traces would 
occur during the steady state. With low frequencies there were five super- 
imposed traces, but the number was much larger for the higher frequencies. 
When the sizes of the superimposed EPSP’s of the whole series partly 
illustrated in Fig. 4A were plotted against frequency or volley interval 
(scaled logarithmically), the points on the extreme right reveal that there 
was no appreciable change in size of EPSP’s until the frequency was in 
excess of 0-4/sec (Fig. 4B). There was a progressive depression as the 
frequency was raised to 5—-10/sec. With further increase in frequency, the 
EPSP increased to a maximum at about 50/sec, being then almost as large 
as at the lowest frequencies. The decline of the individual EPSP’s at still 
higher frequencies would be in part attributable to superposition on the 
preceding EPSP’s (cf. Fig. 3B, at 125/sec). A curve similar to Fig. 4A was 
obtained if the steepest rising slope of each EPSP was measured instead of 
its height. 

This investigation of the sizes of EPSP’s during the steady state over a 


wide range of frequencies has been applied to fourteen motoneurones. The 


curves so obtained corresponded to Fig. 4B in general features; but, as in 

Fig. 5.4, the size at the optimal high frequency response was sometimes 

much below the control level at the lowest frequencies, though with three 
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‘Fig. 4. A. Intracellularly recorded EPSP’s from a biceps-semitendi moto- 


neurone with a resting potential of —62mV; the superimposed traces were 
obtained during the steady state of repetitive responses at the indicated fre- 
quencies per second. B. The EPSP’s partly illustrated in A are expressed as 
fractions of the mean size obtaining at 0-4 c/s or slower and plotted against the 
respective stimulus frequencies on a logarithmic abscissal scale as in Fig. 2. 

_ Above the frequency scale the corresponding stimulus intervals are shown in 
milliseconds. 


1:0 


0:9 


0:8 
0-7 


0-6 

0:5 

Fig. 5. Plotting.as in Fig. 4 of repetitive meer (4). and IPSP’s ee intra- 
cellularly recorded from a biceps osus motoneurone with resting 
potential of -72mV. Above each series are shown representative records formed 
by superimposed traces, as in Fig. 4.4, and at the frequencies indicated in cycles 
per second, The EPSP’s and IPSP’s are evoked by maximum Group Ia volleys ir: 
biceps itendi and quadriceps nerves respectively. 
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motoneurones it was larger. Invariably there were depressed EPSP’s at 
the intermediate frequencies, as in Figs. 4, 5.A, the range being from 70 to 
§5 %, of the control at frequencies in the range of 4-20/sec. The range of the 
maximum at higher frequencies was from 77 to 128%, the optimal fre- 
quency lying between 30 and 100/sec. Repetitive EPSP’s from the experi- 
ment with one of the largest potentiations are illustrated in Fig. 3B and 
plotted in Fig. 2B (filled circles). There is depression at 10/sec, 32/sec is 
transitional and at 50/sec and 80/sec there is a large potentiation of the 
EPSP’s after the initial period of adjustment. 

When EPSP’s have been investigated both with double volleysand during 


the steady state to repetitive stimulation, there was a good correlation 


between these two responses. For example, a second volley evoked a 
potentiated EPSP at intervals less than 50 msec in Fig. 2B (open circles), 
and correspondingly the EPSP’s evoked at frequencies of 40—100/sec were 
potentiated well above the control level (Figs. 2B, 3B). On the other hand, 
when the potentiation of the second of two EPSP’s at brief intervals was 
inadequate to overcome the depression (Fig. 2.4, open circles), depression 
also dominated the repetitive response at high frequencies (Fig. 34, 
Fig. 2.A filled circles). 

A similar investigation has been performed for the IPSP’s set up in two 
motoneurones by Group Ia afferent impulses (direct inhibition). There was 
in both a decline with rising frequency to a minimum at 10-30/sec and an 
increase at still higher frequencies (cf. Fig. 5B). Since there is an inter- 
neurone on the inhibitory pathway, the frequency—response curve may be 
significantly modified by this interpolated synaptic relay, temporal facili- 


tation at this synapse contributing at least in part to the increased IPSP 


at higher frequencies (cf. R. M. Eccles & Lundberg, 1958). Nevertheless, 
the general similarity of the curves does suggest that inhibitory synapses 
are affected by the frequency of activation in much the same way as 
excitatory synapses. The large depression at slow frequencies in Fig. 5B 


contrasts with the finding that under such conditions there is little or no 


depression of reflex inhibition (Beswick & Evanson, 1957; Wilson, 1958). 

In the second method the size of the EPSP during the steady state of 
the repetitive response (cf. Fig. 3) was determined by expanding the end 
of the repetitive response at a fast sweep speed (Fig. 6A). It can be 
assumed that during the steady state the decline of the penultimate EPSP 
of the tetanus follows the same time course as the last; hence by sub- 


traction of this assumed curve the size of the last EPSP can be determined. 


This method can be applied at high frequencies (Fig. 6 A), and reveals that : 
the apparent size of the added EPSP declines with increasing frequency, 
particularly beyond 220/sec. The relationship is best expressed by plotting 


_ this size against the stimulus interval, as in Fig. 6B (filled circles). There is 
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approximately a direct proportionality between size of EPSP and stimulus 
interval for frequencies in excess of about 300/sec and up to 660/sec, which 
was the highest level applied in our tests. A similar result has been 
reported for synaptic potentials electrotonically conducted to the ventral 
root (Eccles & Rall, 1951a). The relationship of direct proportionality 

indicates that the rate of output of transmitter reaches a maximum with 


(é 
10 msec 
12 


10 msec 


0 
msec 


Fig. 6. A. Repetitive EPSP’s of a gastrocnemius motoneurone recorded intra- 
cellularly, resting potential, -68 mV. The records show the end of a repetitive 
response at the indicated stimulus frequency, which was applied for 170 msec, so 
that a steady state of repetitive response was attained (cf. Fig. 3); d.c. amplifi- 
cation at the indicated potential scale; time in 10 msec. B..@ , sizes of the terminal 
responses of the repetitive series partly illustrated in A, measured relative to the 
mean value of EPSP’s after rest periods of several seconds; the straight line 
through zero origin shows that there is approximately a direct proportionality at 
high frequencies. ©, plot of plateau height against stimulus interval for the repeti- 
tive EPSP series of the same motoneurone. Inset shows specimen records at 150 
and 300/sec. 


frequencies in excess of 300/sec. The attainment of a maximum raté of 
output independent of frequency is also indicated by the curve obtained by 
plotting the heights of the steady-state plateau against the stimulus 
intervals (Fig. 6B, open circles). There is a rapid increase in plateau height 
as the frequency rises from 100 to 300/sec, but virtually no ti from 
300 to 660/sec. 
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Correlation with the changes in monosynaptic reflexes during repetitive stimulation is only 
feasible at relatively low frequencies, because at frequencies above 10/sec each successive 
reflex response is depressed by the after-hyperpolarization that follows a motoneuronal 
discharge (Brock et al. 1952; Coombs e¢ al. 1955a). At slower frequencies there is good 

ment between the two types of investigation. For example, Jefferson & Schlapp (1953) 
and Evanson (1956) found that reflex depression occurred with frequencies above 0-3/sec, 
and progressively deepened as the frequency was increased. By employing very sensitive 
techniques Lloyd & Wilson (1957) and Lloyd (19576) have been able to detect slight depres- 
sions with frequencies as low as 0-1/sec. Again, they found increasing depression as the 
frequency was increased up to 10/sec. After the onset of any frequency of repetitive stimu- 
lation a steady state of reflex depression was rapidly attained, just as has been observed for 
the EPSP’s (cf. Fig. 3). At still higher frequencies there was a further deeper depression of | 
reflex discharge, which on experimental evidence was attributed to after-hyperpolarization 
ofthe discharging motoneurones. However, at still higher frequencies of activation (usually 
60-150/sec, but even as low as 20/sec), there was a phase of relatively less depression, the 
higher the frequency the less the depression (Alvord & Fuortes, 1953; Lloyd, 1957a, b). 
Doubtless much of this effect is due to temporal summation of EPSP’s, as suggested by these 
investigators, but part would also arise on account of the potentiation of EPSP’s which 
contributes to the increased rate of transmitter output for frequencies in excess of 30/sec 
(Figs. 2B, 3B, 4, 5.A). This latter mechanism can be revealed only by intracellular recording. 

Repetitive responses of the mammalian neuromuscular junction have been dominated 
much more by depression (Hutter, 1952; Lundberg & Quilisch, 1953; Liley & North, 1953). 


- However, an effective potentiation was observed when the end-plate potential was depressed 
by low Ca or high Mg (Lilley, 19566). Potentiation has been a dominating feature with repeti- 


tive activation of the amphibian neuromuscular junction (Feng, 1941), particularly during 
treatment by high magnesium and low calcium (del Castillo & Katz, 19546). Under these 
conditions there was such a prolonged period of progressive potentiation that a ceiling was 
still not attained after 50 responses. Since the miniature end-plate potentials showed no 
increase in size, it was concluded that the potentiation was due to progressive increase in 
the number of quanta of transmitter emitted by the successive impulses. In contrast, 
during repetitive activation of normal and curarized amphibian junctions the initial phase of 
potentiation rapidly gave place to depression of the end-plate potentials, this effect again 
being due to a corresponding change in the number of quanta emitted by an impulse 
(del Castillo & Katz, 19546). 


Synaptic potentiation and depression after a conditioning tetanus 

Recently (Eccles et al. 1959) there has been a description and illustration 
of post-tetanic potentiation of monosynaptic EPSP’s after standard con- 
ditioning tetani of 400/sec for 10 sec. The present investigation explores 
the effect of variations in the frequency and duration of the conditioning 
tetanus. When the post-tetanic potentiation caused the EPSP to generate 
a spike potential, the steepest part of the rising phase was employed as a 
measure of the intensity of synaptic action. Probably this is more satis- 
factory than the height of the EPSP, but this latter measurement has been 
more convenient, so it has been plotted for those series uncomplicated by 


Spikes. Since there was usually a considerable prolongation of the rising 


phase of the potentiated EPSP (cf. Eccles et al. 1959), larger relative values 
were obtained for potentiations measured by heights than by slopes. 
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With increase in the duration of the conditioning tetanus there was at 
first an increase in both the height and the duration of post-tetanic poten- 
tiation; but a ceiling was reached for the height of the potentiation (at 
640/sec for 10 sec in Fig. 7B), and conditioning tetani of longer duration 
(C, D) merely slowed the rise and decline of the potentiation. The poten- 
tiations of the EPSP thus provide an exact parallel to the potentiations 
of the monosynaptic reflex discharges (Lloyd, 1949, Fig. 9). Similar obser- 
vations have been made on the post-tetanic potentiation both of synaptic 
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min min 
Fig. 7. Post-tetanic potentiation curves of monosynaptic EPSP’s of a biceps- 
semitendinosus motoneurone, resting potential —62 mV. The conditioning tetani 
were uniformly at 640/sec, the durations being for A 5, B 10, C 20 and D 30 sec. 
Inset records show the EPSP at maximum potentiation and at the initial control 
level together with the electrically differentiated record. Sizes of EPSP’s are 
calculated relative to the initial mean level which was at least 10 min after a 
previous tetanic conditioning; durations of the tetani are shown by the initial 
hatched blocks. Time scale was greatly compressed after 2 min and the symbols 
were altered.to filled circles. All points except those on the rapid rising phase are 
the means of three consecutive testing responses. 


_ transmission through a sympathetic ganglion (Larrabee & Bronk, 1947) and 
of mammalian end-plate potentials (Liley & North, 1953). The maximum 
potentiation of the EPSP was usually in the range 1-5—2-0 times the control 
(Figs. 7, 8, 10; Eccles et al. 1959). Much larger potentiations are usually 
displayed by reflexes (Lloyd, 1949), because the changes in synaptic 
efficacy are sampled by the response of a population of motoneurones and 
not directly, as when the size of the EPSP is employed as the criterion. 
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When the number of stimuli in the conditioning tetanus was held 
constant, but the frequency was varied, the maximum potentiation was 
lower when the frequency was below a critical level of about 300/sec 
(Fig. 8.B; cf. Lloyd, 1949). After the lower conditioning frequencies the 
potentiation followed a slower time course with a later summit and slower 
decline (Fig. 8C, D). In these respects also the post-tetanic potentiation 
of the EPSP parallels the potentiation of monosynaptic reflexes (cf. Lloyd, 
1949, Figs. 11, 12). However, potentiation of EPSP’s was not usually 
observed for conditioning frequencies much below 100/sec even when con- 
tinued for several seconds, though Lloyd reported slight post-tetanic 


‘potentiation of reflex discharges after conditioning tetani of 50—-75/sec. 
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Fig. 8. Series as with Fig. 7 and for same motoneurone, but the conditioning tetanus 
was in every case 3200 volleys, A at 640/sec for 5 sec, B 400/sec for 8 sec, C 
200/see for 16 sec and D 100/sec for 32 sec. . 


With the mammalian neuromuscular junction there was no potentiation 


after repetitive activation at 50/sec or lower and 350/sec was adequate for — 


maximum potentiation (Liley & North, 1953). 


When post-tetanic potentiation was sampled by a brief repetitive stimu-_ 
lation, there was a rapid decline in the relative potentiation of the succes- 


sive responses at any one test interval. In one example, when the first 
EPSP was potentiated by about 60% relative to the control, the relative 
potentiations declined progressively for the subsequent responses, being 
only 20% with the last (cf. Eccles, 1957, Fig. 7A, B). An even more rapid 
decline occurred when a repetitive stimulus tested the post-tetanic potenti- 
ation at the curarized mammalian neuromuscular junction (Liley & 
North, 1953). A very rapid decline during a repetitive test was also found 
by Strém (1951) during post-tetanic potentiation of a monosynaptic reflex. 
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These results may be taken to indicate that large reserves of available 
transmitter are not mobilized during post-tetanic potentiation. 

_ Late depression. It was reported and illustrated without comment 
(Eccles et al. 1959, Figs. 3, 6) that some minutes after the conditioning 
tetanus, the post-tetanic potentiation occasionally passed over to a de- 
pression that persisted for many minutes. A comparable depression of the 
EPSP occurred in Fig. 8B from 4 to 7 min post-tetanically, and it had 
passed off by 10 min. Since the sizes of the control EPSP’s had not varied 
by more than 2% for a period of 30 min, including the 10 min period of 
Fig. 8B, it can be presumed that there was a genuine depression of as much 
as 7%, in synaptic efficacy and not some transient defect in the intracellular 
recording. Such transient defects frequently arise when movement causes 
the micro-electrode to be no longer sealed effectively in the motoneuronal 
membrane. As would be expected, all excitatory synaptic potentials are 
then similarly diminished, and there is a simultaneous fall in the membrane 
potential. Such defects of intracellular recording can be detected and 
allowed for if a synergic excitatory path is employed as a control test 
throughout the whole of the post-tetanic period. 

_ In each sweep of the inset records of Fig. 9A two EPSP’s were set up in 
a gastrocnemius motoneurone, the first by a volley from the lateral 
gastrocnemius-soleus (LGS) nerve, the second by a medial gastrocnemius 


(MG) volley. Both before and after the conditioning tetanization of the — 


MG nerve (400/sec for 10 sec at the arrow) the monosynaptic EPSP’s were 
evoked every 2 sec and three traces were superimposed on each record. As 
would be expected, the large increase in the MG EPSP at 4 sec post- 
tetanically contrasted with the absence of any appreciable change in the 
LGS EPSP, which remained virtually constant throughout the whole post- 
tetanic test period. Each of the points plotted for the post-tetanic period 
in Fig. 9A was obtained by expressing the ratio of the MG EPSP to the 
LGS EPSP at that time relative to the ratio obtaining before the condi- 
tioning tetanus. Since the effects of any transient changes in the intra- 
cellular recording were thus eliminated, the prolonged post-tetanic depres- 
sion of EPSP in Fig. 9A (cf. the inset records at 154 and 220 sec) must be 
due to a diminution of synaptic efficacy.. Usually the post-tetanic depres- 
sion of the EPSP was much less (cf. Fig. 9B) and sometimes it was not 
detectable. The series of Fig. 7A—D suggests that post-tetanic depression 
may be submerged beneath the prolongation of the post-tetanic potentia- 
tion that occurs after a long conditioning tetanus. Possibly the degree of 
submergence beneath the potentiation accounts for the variations in the 
prominence of the depression between different series both on the same and 
on different motoneurones. 

IPSP potentiation. The IPSP (inhibitory post-synaptic potential) pro- 
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duced by 1a impulses is also often potentiated after a conditioning tetanus 
(R. M. Eccles & Lundberg, 1958), corresponding to the post-tetanic 
potentiation of direct inhibition (Lloyd, 1949; Wilson, 1958), but the 
potentiation was usually much less than for EPSP’s of the same moto- 


‘neurone (Fig. 10). The differences in amount and time course of the 


potentiation need not indicate that inhibitory synapses differ from exci- 
tatory, but may instead be attributable to the interneurone that is inter- 
in the pathway R. M. Eccles & Lundberg, 


Fig. 9. A. Post-tetanic potentiation of monosynaptic EPSP’s generated in a gastro- 
cnemius motoneurone (résting potential, - 65 mV) by lateral gastrocnemius and 
medial gastrocnemius volleys, as shown in the inset records. The conditioning 
tetanus (400/sec for 10 sec) was applied to the medial gastrocnemius nerve as shown 
and the subsequent records are at the indicated intervals in seconds after the 
end of the tetanus. Note post-tetanic depression of the testing EPSP relative to 
the control at 154 and 220 sec. The size of the MG EPSP is plotted relative to the 
LG EPSP, as described in the text. B. Similar plot for another gastrocnemius 
motoneurone, 


- Early sishcaddsnlen: Brief conditioning. tetani at a sufficiently high 
frequency are followed by a very early and evanescent potentiation, which 
was originally revealed by increases both of monosynaptic reflexes and of 
extracellular synaptic potentials (Eccles & Rall, 19516; Lloyd, 1952; 
Beswick & Evanson, 1955); Wilson, 1958). When studying the changes in 
synaptic efficacy within 2 sec after brief repetitive stimulations, only one 
testing stimulus could be employed after each conditioning tetanus, and 
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the tetani had to be spaced at least 10 sec apart so as to minimize cumu- 
lative effects during a prolonged experimental series. As shown in the 


inset records of Fig. 11 A—C, the testing intracellular responses were photo- 


graphed at high speed by expanding the part of the trace on which they 
occurred. It was thus possible to measure the steepest part of the rising 
slopes of the EPSP’s, and so to determine the potentiation of the EPSP 
before the slope was increased by the superimposed spike potential. In some 
experiments the maximum slope was measured as the summit height 
of electrically differentiated records (cf. the inset records of Figs. 7, 8, 10). 
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Fig. 10. O, Post-tetanic potentiation of EPSP for the motoneurone of Fig. 7; 
+, potentiation of an IPSP generated in the same motoneurone by a quadriceps 
Group Ia volley. The conditioning tetanus in both cases was 640/sec for 20 sec, 
the insets showing the EPSP and IPSP at maximum potentiation, and the 
control. As in Fig, 7, the EPSP has been differentiated. 


There were 40 conditioning stimuli for each of the series of Fig. 11 A-C, 
but the frequencies were 640/sec, 400/sec and 100/sec for A, B and C 
respectively. The conditioning tetanus at 400/sec was almost as effective as 
that at 640/sec, but there was no potentiation whatever after 40 impulses 
at 100/sec, as also may be seen in the inset records. A conditioning tetanus 
at 200/sec was not employed in the series of Fig. 11 A-C, but in other 
experiments it. always gave a small potentiation, whereas 100/sec was 
always followed by a depression. For example, the curves of Fig. 11) 
give the time courses of the conditioning produced by 40 impulses over 2 
wide range of frequencies in another experiment. Post-tetanic depression 
_ was regularly observed after slow conditioning frequencies. Thus the curves 
of Fig. 11# show that there was actually an increasing depression after 


57/sec for 0-2 sec whereas after higher frequencies for the same duration \— 
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nu- there was considerable potentiation at 200/sec and virtually no change at 
the 100/sec. In this series the size of the last EPSP of the conditioning series 
to- | was plotted (the initial points on the curves), it being assumed that this 


ley would be approximately the size of a test response at the stimulus interval 
ing after the end of the conditioning tetanus. There was thus an increasing 
SP depression for some time after the slow conditioning tetanus; but after 
me 100/sec there was a potentiation above the level obtaining a the 
ht | conditioning tetanus. 

D). _ These potentiations of the EPSP after brief conditioning tetani corres- 
| pond closely with the observations on reflex potentiation under compar- 
able conditions (Eccles & Rall, 19516; Lloyd, 1952; Beswick & Evanson, 
_ 19556). For example, after a high-frequency tetanus of 40-100 volleys 


msec 


Fig. 11. Early post-tetanic potentiation and depression following brief condi- 

tioning tetani. In A-—C the points plot the potentiation of the steepest part of the 

rising slope of the EPSP’s as a fraction of the mean control; intracellular records 
Le from the biceps itendi motoneurone (resting potential, —60 mV) are — 

{ | shown as insets, the first being the response at about 0-2 sec post-tetanically, the 

; second the control; note spike origin in A.and B. Conditioning tetani of 
i 40 impulses, the respective frequencies being 640/sec, 400/sec and 100/sec for 
| A, Band C. D gives curves plotted on the same co-ordinates for a series such as 
| A-C in another biceps-semitendinosus motoneurone (resting potential, — 67 mV). 
The conditioning tetani are again 40 impulses. Virtually the same potentiation is 
| __ produced by conditioning at 640 and 400/sec, 200/sec is intermediate, and 100/sec 
| purely depressant. EH gives curves on same co-ordinates for the post-tetanic effect 
} of brief tetani at different frequencies for the same duration (0-2 sec). The initial 
| | points mark the size of the last EPSP of the conditioning tetanus. Note potentia- 
\ | tion after. ee, depression after 57/sec with an intermediate response after 
100/sec. 
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the potentiation of monosynaptic reflexes began at about 50 msec, reached 
a maximum at 200 msec, and thereafter rapidly declined for 1-2 sec. 

It is of particular significance that the frequency of the conditioning 
tetanus plays such a decisive part in setting the level of post-tetanic 
potentiation (cf. Beswick & Evanson, 19556). Since the total duration of 
the conditioning tetanus was only 0-4sec in Fig. 11C, and since the 
potentiations in A and B had declined very little by 0-4 sec after the 
tetanus, it is evident that the increased temporal spread of the condi- 
tioning volleys was not responsible for the absence of potentiation in 
Fig, 11C. It is the frequency rather than the number of impulses that is of 
particular significance in producing post-tetanic potentiation. However, 
to some extent number of impulses can compensate for low frequency; 
for example in Fig. 8D, 3200 impulses at 100/sec gave a potentiation of 
1-25 which ran a very prolonged time course, whereas after 40 impulses at 
100/sec the potentiation was inadequate to compensate for the depression 
(Fig: 110, £). Similarly Lloyd (1949) reported that post-tetanic potentia- 
tion of monosynaptic reflexes always occurred after prolonged repetitivé 
stimulation at a frequency as low as 50/sec. 


‘DISCUSSION 


The present investigation has been concerned solely with the potentials 
_ generated in motoneurones by afferent impulses successively activating the 
same synapses, and has been almost entirely restricted to monosynaptic 
excitatory action. According to present concepts, the various potentiated 
and depressed states of synaptic action could occur in four ways: (i) block 
(or relief of block) of impulse transmission at sites of low safety factor in 
the presynaptic pathways, particularly at branching points (cf. Krnjevi¢ & 
Miledi, 1958); (ii) increase in size of the presynaptic impulse during the 
after-hyperpolarization that follows repetitive activity (Lloyd, 1949, 1952; 
‘Eccles & Rall, 19516; Liley & North, 1953; Wall & Johnson, 1958; 
Kecles & Krnjevié, 19594, b); (iii) change in the availability of transmitter 
substance in the presynaptic terminals, more or less being liberated by a 
given size of presynaptic impulse (Brown & Feldberg, 1936; Perry, 1953; 
Emmelin & Macintosh, 1956; Liley & North, 1953; Liley, 1956a, 0: 
Eccles, 1957; Hubbard, 1959); (iv) depression of the effectiveness with 
which the transmitter causes post-synaptic depolarization, an effect which 
has been called receptor desensitization (Thesleff, 1955; Katz & Thesleff, 
1957; Axelsson & Thesleff, 1958). It should be noted in this context that 
during post-tetanic potentiation there is no appreciable increase in the 
sensitivity of the post-synaptic membrane to the transmitter substance 
(Larrabee & Bronk, 1947; Hutter, 1952). Likewise, during post-tetanic 
depression, testing of the motoneurones by a converging excitatory path 
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showed that there was no change in the excitability (Beswick & Evanson, 
1957). 

In many respects the end-plate potentials generated at the mammalian 
neuromuscular junction during and after repetitive stimulation (Lund- 
berg & Quilisch, 1953; Liley & North, 1953; Liley, 1956a, 6b) exhibit 
phases of potentiation and depression resembling those here described for 
the potentials generated at central synapses. In addition, after repetitive 
stimulation the frequency of miniature end-plate potentials parallels the 
potentiation of the neurally evoked end-plate potentials (Liley, 1956a, 6; 


Hubbard, 1959). The frequency of miniature end-plate potentials can be 


regarded as a measure of the availability of transmitter; hence this 
parallelism provides strong support for factor (iii) above. In the first 
instance it will therefore be expedient to attempt to explain the experi- 
mental observations during and after brief tetani by postulated changes in 


the availability of transmitter (cf. Liley & North, 1953). This procedure is 


also chosen because factors (i), (ii) and (iv) probably achieve significance 


only after prolonged stimulation. 


In the simplest experiment it has been shown that, after a single condi- 
tioning impulse, a brief phase (up to 200 msec) of potentiation is super- 


imposed on a depression of more than 1 sec duration (Figs. 1, 2). An 


important correlation is that at the mammalian neuromuscular junction 
the frequency of miniature end-plate potentials is increased for as long as 
200 msec after a single impulse (Liley, 1956a; Hubbard, 1959). Both the 
potentiation and depression are cumulative during repetitive stimulation 
so that at frequencies above 10/sec a steady state of synaptic efficacy is 


_ established in about 0-2 sec. At low frequencies (1—10/sec) depression is 


dominant, but with the higher frequencies there is increased summation of 
the briefer potentiating phases (Figs. 2, 4, 5) and at frequencies of 40- 
100/sec the potentiation may even dominate the depression (Figs. 2B, 3B). 
With still higher frequencies the individual synaptic actions are depressed, 
the approximate inverse relationship to frequency indicating that the 
actual rate of liberation of transmitter reaches a maximum at frequencies: 
in excess of 250/sec (Fig. 6B). 

It seems possible to correlate these changes in synaptic efficacy during 
stimulation with the changes observed within 1-2 sec after these brief 


_ tetani (Fig. 11). On termination of repetitive synaptic stimulation at slow 


frequencies (100/sec or less), there is a subsequent prolonged period (seconds) 
of depression of the testing EPSP. This depression is greatest after fre- 
quencies that are optimal for the depression during repetitive stimulation, 
i.e. for frequencies of 5-20/sec (cf. Figs. 3, 4, 5). Evidently this is the same 


_ depression which was observed after single conditioning EPSP’s (Figs. 1, 2) 


and which occurs during slow frequencies of stimulation. 
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It is postulated that EPSP’s are depressed under all these conditions 
because there is a preponderant effect of depletion of the available trans- 
mitter. At higher frequencies mobilization of the available transmitter 
appears to become progressively more dominant, so that at about 100/sec 
there is an approximate balance between potentiation and depression for a 
second or so after the brief conditioning tetani (cf. Fig. 11C’, D, #). After still 
higher frequencies potentiation is dominant, there being virtually the same 
high level of potentiation after brief tetani in the frequency range of 300 to 
800/sec (Figs. 114, B, D). This range corresponds approximately to the range 
for optimum rate of liberation of transmitter during repetitive stimulation. 

On termination of repetitive synaptic stimulation at 250/sec or higher, 
there is a sudden cessation of the liberation of transmitter, which had been 
running at the maximum attainable rate; albeit with an output per impulse 
much below the level for a single impulse under resting conditions. It 
would therefore be expected that, after cessation of this maximum drain of 
transmitter from the synaptic knob, there would be an accumulation of 
available transmitter therein above the resting level; as a consequence a 
testing impulse would cause an increased liberation of transmitter, so 
giving the potentiated EPSP seen in Fig. 11. The time course of this 
early post-tetanic potentiation indicates that available transmitter goes on 
accumulating for as long as 200 msec after repetitive synaptic stimulation 
has ceased and then slowly declines over several seconds. During lower 
frequencies of synaptic stimulation (150-—200/sec) there is a lower rate of 
liberation of transmitter (Fig. 6B), and correspondingly there is a lower 
potentiation after cessation (Fig. 11D). 

Thus in general the EPSP’s generated during and after brief repetitive 
stimulation can be satisfactorily accounted for by the postulate that each 

presynaptic impulse exerts two opposing actions on the transmitter 
- mechanism, a depletion of available transmitter and a mobilization which 
may be more or less than compensatory. At any frequency of presynaptic 
activation a balance is soon reached between these two effects, so giving the 
steady state (Fig. 3). It seems furthermore necessary to postulate that 
with impulses in quick succession (40/sec or more), there is some serial 
facilitatory action causing a more effective mobilization of available trans- 
mitter and a consequent potentiated output of transmitter due to the 
mobilization process dominating the depletion. 

In preliminary observations Liley (19566) showed that after as few as 
100 impulses (200/sec for 0-5 sec) there was a considerable increase in 
frequency of miniature end-plate potentials at the mammalian neuro- 
muscular junction, the relative increase being larger than the potentiation 
of the end-plate potential. Systematic investigations with brief condi- 
tioning tetani of various durations and frequencies have shown’ that the 
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post-tetanic increase in frequency of miniature potentials was always more 
than the potentiation of the end-plate potential; hence it can be concluded 
that the post-tetanic increase in available transmitter is sufficient to 
explain both the size and duration of the potentiation (Hubbard, 1959). 

‘ It has been observed that after cessation of a prolonged (10sec or 
longer) high-frequency tetanization of synapses, there was a phase of 
depressed synaptic transmission for as long as 1 sec, maximum post-tetanic 
potentiation occurring as late as 30 sec after the tetanus (Fig. 7D; Lloyd, 
1949, 1952; Eccles & Rall, 19516; Strom, 1951; Eccles et al. 1959). This 
delayed attainment of maximum potentiation also occurred after prolonged 
tetanization of sympathetic ganglia (Larrabee & Bronk, 1947) and of the 


~ gurarized mammalian neuromuscular junction (Liley & North, 1953; Liley, 


1956a; Hubbard, 1959). In the latter situation the frequency of miniature 
end-plate potentials was usually maximal immediately after the tetanus, 


indicating that available transmitter was then at a maximum, yet there 


was not a corresponding release by the testing impulse. Probably this dis- 
crepancy is attributable to failure of the presynaptic impulse to invade all 
the synaptic terminals, an explanation (cf. factor (i), p. 390) which also 


seems likely for the delayed summit of post-tetanic potentiation of central 


synaptic transmission. 

Two explanations (factors (ii) and (iii) above) are available for the pro- 
longed potentiation that follows a long high-frequency tetanus (cf. Figs. 4 
5). It has now been established that after a tetanus there is a large end 
prolonged after-hyperpolarization of the presynaptic fibres, with, as a 
consequence, an increase in the presynaptic spike potential (Lloyd, 1949; 
Kecles & Rall; 19516; Wall & Johnson, 1958; Eccles & Krnjevi¢, 1959a, b). 
Such an increased presynaptic spike can be expected’to have an increased 
synaptic excitatory action (cf. Lloyd, 1949; Eccles & Rall, 19515), and it i is 
now known that under such conditions there is an increased emission of 
quanta of transmitter (del Castillo & Katz, 1954c; Liley, 19565). A particu- 
larly large increase in synaptic action was observed in the stellate ganglion 


_ of Loligo when the presynaptic spike was increased as a consequence of an 


applied anelectrotonus (Hagiwara & Tasaki, 1958). Thus there is an im- 
pressive array of evidence indicating that prolonged post-tetanic potentia- 
tion arises on account of the increased size of the presynaptic impulse 
(factor (ii) above). 

Yet there is no less strong evidence in support of an explanation by the 
increased availability of transmitter (factor (iii) above). If it be assumed 
that the frequency of miniature end-plate potentials is a measure of avail- 
ability of transmitter, there is a close correlation between the magnitude 
and time course of the prolonged post-tetanic potentiation and the increase 
in available transmitter, the only significant discrepancy being the delayed 
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rise of the former (Liley, 1956a, 6; Brooks, 1956; Hubbard, 1959). Further 
evidence of a negative character also supports an explanation by factor (iii). 
In many cases (Liley & North, 1953; Eccles & Rall, 19516) potentiation of 
the presynaptic spike potential runs a briefer time course than the 
synaptic transmission. Sometimes, however, the agreement may be very 
close (Lloyd, 1949; Wall & Johnson, 1958). 

In conclusion, it may be accepted that post-tetanic potentiation after a 
prolonged conditioning tetanus is attributable both to potentiation of the 
presynaptic impulse and to increased availability of transmitter. It has 
been suggested above that the latter explanation accounts satisfactorily 
for the early post-tetanic potentiation after a brief conditioning tetanus 
(about 20-200 stimuli at high frequency); and presumably, as the condi- 
tioning tetanus is prolonged, after-hyperpolarization with a consequent 
potentiation of the presynaptic spike becomes an increasingly important 
factor. Possibly the depression and eventual abolition of the early potentia- 
tion that occurs when the conditioning tetanus is increased beyond a few 
hundred impulses (Eccles & Rall, 19516; Lloyd, 1952) are due to the pre- 
synaptic after-hyperpolarization caaang an initial post-tetanic phase of 
partial presynaptic block. 


Brief, reference should be made to the small and inconstant phase of late 


depression that follows the potentiation after a long conditioning tetanus 
(cf. Fig. 9; Eccles et al. 1959). Much larger post-tetanic depressions of this 
type have been found with synaptic transmission through the lateral 
geniculate ganglion (Evarts & Hughes, 1957; Hughes, 1958; P. O. Bishop 
& W. Burke, unpublished observations). As a preliminary suggestion it 
seems likely that the receptor desensitization found at the neuromuscular 


junction (Thesleff, 1955; Katz & Thesleff, 1957; Axelsson & Thesleff, 1958) - 


provides the most likely explanation (factor (iv) above). The prolonged 
synaptic stimulation can be envisaged as causing a blockage of many 
receptor sites on the post-synaptic membrane, just as occurs during pro- 
- longed treatment of the neuromuscular junction with a low concentration 
of acetylcholine. Such a depression would not be manifest until after the 
decline of the potentiation due to increase in available transmitter. 

The principal interest in the present investigation arises in relation to 
the mechanism ensuring effective synaptic action at high frequency of 
activation. Previous investigations have given rise to the suggestion that 
repetitive synaptic activation involves two opposing processes, depletion 
of the available transmitter and a compensatory mobilization of trans- 
mitter (Feng, 1941; Larrabee & Bronk, 1947; Hutter, 1952; Lundberg & 
Quilisch, 1953; Liley & North, 1953; Eccles, 1953, 1957; del Castillo & 
Katz, 19546; Beswick & Evanson, 19556; Liley, 19566). Del Castillo & 
Katz (1954a) made the important observation that a presynaptic impulse 
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induced potentiation even when no transmitter liberation occurred; thus 
depletion of available transmitter is not a prerequisite for a reaction giving 
an excess. Since the increase in available transmitter often overcompen- 
sates for any depletion that arises during repetitive stimulation (Figs. 2B, 
3B; del Castillo & Katz, 19545), depletion is also contra-indicated as a 
eause of the mobilization. Apparently the presynaptic impulse initiates 
the process of transmitter mobilization, and there is a large facilitation of 
this process when presynaptic impulses follow at high frequency. In this | 

ay high frequency of synaptic activation calls forth a mobilization of 
SS esittiee that ensures a greater synaptic effectiveness for rates of 
synaptic activation up to 250/sec (cf. Fig. 6). 

If, as seems likely, the quantal liberation of transmitter is due to the 
bursting of synaptic vesicles into the synaptic cleft (del Castillo & Katz, 
1956; Katz, 1958), the available transmitter at any one instant would be 
the transmitter in vesicles in immediate juxtaposition to the presynaptic 
membrane, for only such vesicles could be ejected by an impulse. There 
may be very few vesicies in such a strategic position; consequently deple- 
tion may be evident even after only one impulse (cf. Figs. 1, 2). Besides 
causing the ejection of some vesicles the presynaptic impulse can be en- 
visaged as causing other vesicles to move into the strategic zone. This 
movement would be greatly potentiated by impulses in quick succession, 
but no such interaction occurs with longer intervals (30 msec or longer) 
between successive presynaptic impulses; hence depletion then dominates 
mobilization (cf. Figs. 4, 5). Electron-microscopic investigations may 
eventually provide a crucial test for these speculations on the structural 
correlations of the depletion and mobilization phenomena of repetitively 


SUMMARY 
1, Repetitive synaptic stimulation has been studied in detail by intra- 
cellular recording of the excitatory post-synaptic potentials (EPSP’s) of 
motoneurones activated monosynaptically, it being assumed that these 
synaptic potentials give a measure of the size of the transmitter action. 

2. A single synaptic activation is followed by two opposed processes ; 
a brief phase of enhanced action (200 msec) is superimposed and usually 
submerged by a depression lasting for several seconds. 

3. During repetitive stimulation (10-600/sec) a steady state is 
in about 200 msec. There is usually depression below the initial size, but 
with some EPSP’s there may be potentiation. 

4. There is increasing depression:of the EPSP’s as the frequency of 
activation is raised above 0-3/sec, and a minimum of 70-85 % occurs in the 
range 4—20/sec. At higher frequencies there is always a relative potentia- 
tion, a maximum of 77-128 % being attained at 30-100/sec. There is a 
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good correlation between responses to two volleys on the one hand and the 
steady state during repetitive stimulation on the other. 

5. At higher frequencies of stimulation there is a progressive decline of 
the individual EPSP’s, and above 250/sec the size of the EPSP is directly 
proportional to the stimulus interval, indicating the attainment of a 
maximum rate of transmitter output. 

6. The changes in synaptic efficacy following repetitive stimulations of 
a wide range of frequencies and durations have been measured by the sizes 
of the EPSP’s evoked by a testing volley at various times thereafter. 

7. Brief tetani of 200/sec or higher are followed by an early potentiation, 
just as with monosynaptic reflexes. 2 

8. After long conditioning tetani there was also a close parallel between 
potentiation of EPSP’s and reflexes, the potentiation being low with 
frequencies below 300/sec. A later post-tetanic depression of EPSP’s is 
also described. 

9. There is a general discussion of the relationship of these observations 
to the mode of operation of synaptic knobs under various frequencies of 
activation. Post-tetanic potentiation is discussed in relation to the alter- 
native explanations, transmitter mobilization in synaptic knobs, and after- 
hyperpolarization giving larger presynaptic spikes. 
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Ranvier (1874) described the first systematic investigation of the con- 
jion in 


tractions of the slow and fast limb muscles, and a further systematic investi- 
scular | gation was made by Fischer (1908). Banu (1922), Denny-Brown (19296) 
and Koschtojanz & Rjabinowskaja (1935) showed that all limb muscles 
were slow at birth and differentiation into the fast and slow types occurred 
titive | in mammals during the first few weeks after birth. Recently it has been 
3 found that motoneurones innervating slow muscles have as a rule much 
longer after-hyperpolarizations following the discharge of an impulse than 
quant. | do the motoneurones supplying fast muscles (Eccles, Eccles & Lundberg, 
1958). Thus the characteristic frequencies of discharge of these two types 
of motoneurones (Denny-Brown, 1929a; Granit, Henatsch & Steg, 1956; 
a8 | Granit, Phillips, Skoglund & Steg, 1957) are explicable by their intrinsic 
nono- | properties. The shorter after-hyperpolarization of motoneurones supplying 
fast muscles allows their fast frequency of firing, which is appropriately 
related to the contraction time of their muscles; and complementarily 
1-53. | those motoneurones with longer after-hyperpolarizations have as a con- 
glion. | sequence frequencies of discharge appropriate to the slow muscles they 
schen | Mmnervate. It was, therefore, of interest to re-investigate the process of 
differentiation into fast and slow muscles, in an attempt to determine 
| whether this appropriate matching of motoneurones to muscles was brought 
otine, | about by motoneurones influencing muscle differentiation, or, vice versa, 
by muscle influencing motoneurones. 

The present paper describes a detailed study of muscle differentiation as 
some | defined by various measurements of the speed of muscle contraction. It 
also describes the effects of various nerve lesions on this differentiation. 
A more analytical investigation is described in the following paper agi 
Eccles & Eccles, 1960). 


* Nuffield Travelling Fellow of the Royal Society, Present address : St Thomas's Hospital 
Medical School, London, S.E. I. 
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METHODS 


The animals (kittens and cats) were anaesthetized with pentobarbital sodium. The 
muscles under investigation were isolated by dissection, care being taken to preserve their 
‘ blood supply. The motor nerves were cut centrally and mounted on stimulating electrodes. 
Full precautions have been taken to ensure that the muscle contractions approximated as 
closely as possible to isometric contractions: for the leg muscles steel drills transfixed the 
distal end of the femur and the distal ends of the tibia and fibula; for the thigh muscles the 
drills were inserted through the greater trochanter and the distal end of the femur. The 
drills were clamped in chucks which in turn were fixed to a massive steel frame to which the 
recording strain gauge (Statham Gl-8-350 or GI-80-35) was also fixed by an assembly 
giving great flexibility of adjustment. The muscle tendon (or the patella in the case of 
crureus) was tied firmly to a short steel hook directly linked to the strain gauge; care was 
taken to align the strain gauge with the direction of muscle pull, which of course was kept as 
close as possible to its natural line of pull. The direction of muscle pull was about 60° from 
the vertical so that it was possible to have the muscle immersed in a paraffin pool with its 
motor nerve readily accessible. Controlled heating and stirring of the pool ensured that its 
temperature was almost always in the range 37-38° C. This temperature control was im- 
portant because the speed of muscle contraction has a fairly high temperature coefficient; 
To = 1:58 according to Gordon & Phillips (1953). Despite the oblique angle of the muscle 
pull there was a negligible sagging of the muscle, because its weight was greatly reduced by its 
immersion in paraffin and it had a fairly high initial tension—usually more than ten times 
the weight of the muscle. 

Considerable effort has been made to ensure that the various muscles were contracting 
under comparable conditions of initial tension. The relationship of initial tension to duration 
of the isometric twitch was described in detail by Fulton (1925, 1926), but unfortunately 
the twitches were distorted by friction of the myograph bearing, as revealed by the angle 
between the summit and the falling phase (Cooper & Eccles, 1929). A re-investigation was 
therefore necessary, and Fig. 1 shows the effect of length on the initial tension and on the 
time course and size of the twitch. Measurements from the series partly shown in Fig. 1 A-E 
are plotted in Fig. 1/ with the muscle lengths as abscissae; and as ordinates the initial 
tensions, the twitch tensions, the twitch contraction times (onset to summit), and the 
half-decay times (summit to half-decay). It will be seen that around the optimum condition 
for active tension development (cf. Banus & Zetlin, 1938) progressive lengthening of the 
muscle causes lengthening both of the contraction time of the twitch and of the time from 
summit to half-relaxation. It was therefore necessary to adopt some criterion in order that 
the contractions of different muscles could be compared under standard conditions. The 
standard adopted was the muscle length giving the maximum twitch tension, as indicated 
by the vertical line in Fig. 1. In all figures zero on the tension scales has indicated zero 
muscle tension. 

The muscle contractions have been evoked by stimulating the appropriate muscle nerve 
with brief electrical pulses about 0-1 msec in duration and about twice maximum strength. 
Several twitches were recorded at each length of the muscle, but measurements were made 
only of the twitches at the optimum length and all the values plotted are the means of these 
measurements. A decade-counter device was constructed so that the duration of the twitch 
contraction time could be read off on the lower beam of the oscilloscope (cf. Figs. 2, 11) at 
the same time as the upper beam was recording the time course of the twitch (Buller, un- 
published). The tetani were recorded only at the initial tension giving optimum twitches, 
and were evoked by brief repetitive electrical pulses, as for the twitches. Usually the series 
was from the slowest to the fastest with a final return to the slowest frequency ; the fre- 
quencies were standardized at 13, 19, 32, 46, 66, 104 a second. There was an interval! of 
several seconds between successive tetani, but not long enough to allow for dissipation of the 
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post-tetanic potentiation of the muscle twitches (Brown & von Euler, 1938; Feng, Lee, 
Meng & Wang, 1938; von Euler & Swank, 1940). Post-totanic potentiation was, however, 
much smaller for tetani, so no large error was introduced by calculating the tetanus-to-twitch 
ratios relative to the twitch height at the onset of the tetanic investigations. The durations of 
the tetani were kept very short (about 0-2 sec) so as to minimize post-tetanic potentiation. 

In separating lateral from medial gastrocnemius it is necessary to divide a small slip of 
muscle that arises from a common tendon. Separation between lateral gastrocnemius and 
plantaris is not possible by dissection because both muscles have a large origin from a 
common tendon. No appreciable error has been introduced thereby, because these muscles 
normally respond with twitches having about the same time courses and they have not been 
employed in the more analytic procedures involving nerve cross-unions, as described in the 
subsequent paper (Buller e¢ al. 1960). The crureus muscle can be separated from rectus 
femoris and vastus lateralis, but separation from vastus medialis is not possible. Contractions 
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Fig. 1. Isometric twitch contractions of flexor digitorum longus muscle (FDL) of 

aspinal kitten 13 weeks old. Progressive lengthening from an arbitrary zero length 
in A, the successive lengthenings being 1-6 mm for B, 4-0 mm for C and 5-6 mm for 
D, with a return in E to the same length as C. Note tension scale of 100 g. Weight 
of kitten = 1-5 kg. In F the whole series partly shown in Fig. 1 A—E is plotted 
with the lengthenings as abscissae; and as ordinates, the initial tension (@), the 
twitch tensions (©), the contraction times, i.e. times from onset to summit of the 
twitch (+) and the half-relaxation times, i.e. times from summit to half-relaxation 
(x ). Throughout this paper the various measurements on the muscle twitches have 
been made under the conditions giving the greatest twitch contraction, i.e. at the 
vertical line in Fig. 1 F. Twitch tensions were rather higher on the return from the 
greatest lengthening, but muscles were not ordinarily subjected to such excessive 
Stresses. Note break in tension scales (right-hand ordinate). 
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of crureus independently of vastus medialis were secured by cutting all nerve branches 
to vastus medialis. As a check on the effectiveness of this separation of the slow muscle, 
crureus, from the fast muscle, vastus medialis, the whole of the branch from quadriceps 
nerve to crureus and vastus medialis was often cut after the contractions of crureus had 
been recorded, leaving intact only the crureus nerve that arises from the nerve to vastus 
lateralis. Invariably it was found that this fraction of crureus gave twitches and tetani 
closely comparable to those of the whole crureus. All other muscles were readily 
isolated. 


RESULTS 
Normal differentiation of fast and slow muscles 
Muscle twitches in a representative series of muscles are shown in Fig. 2 


for animals ranging from 20 hr after birth to 28 weeks. In confirniation of 
Banu (1922) and Denny-Brown (1929), all muscles are equally slow in the 


. FDL FHL MG 
Fig. 2. A—D. Isometric twitch contractions of five different leg muscles in the cat 
at the ages in days and weights shown, and with contraction times indicated in 
milliseconds by the decade-counter device. CR = crureus; SOL = soleus; — 
FDL = flexor digitorum longus; FHL = flexor hallucis longus; MG = medial 


gastrocnemius. Tension scales indicated in grams, zero giving zero tension on 
muscle, 


new-born kitten (A), with a contraction time of about 80 msec and a half- 
relaxation time also of about 80 msec. Within a few days the fast muscles 
are clearly differentiated from the slow muscles, soleus and crureus (Fig. 2 B), 
and by about four weeks (Fig. 2C’) the fast muscles have attained a speed 


- which is virtually unaltered thereafter, as is indicated by Fig. 2D at 
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28 weeks. It appears from Fig. 2C that in the 4-week kitten the slow 
muscles are appreciably faster than in the 28-week kitten, and this effect is 
well displayed in the plotted series of Figs. 3 D and 4D, both for contraction 
times and half-relaxation times. The points for the two slow muscles are 
seen to lie about curves of shortening contraction and relaxation times 
until minima of just over 50 msec for both are attained at about 5 weeks, 
but thereafter the twitches become slower and after several weeks reach 
the adult values of about 70 and 75 msec respectively. On the whole the 
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Fig. 3. Contraction times of the various muscles as ordinates against ages of cats 
as abscissae for six fast muscles, as indicated by the symbols in A, B, C and for two 
slow muscles in D. Muscles additional to those of Fig. 2 are lateral gastrocnemius, 

_LG, plantaris, PL, and gracilis, GR in B. The curves in A, B and C are the same 
curve that is drawn for the pooled results of these three graphs for the six fast 
muscles. Note change in age scale beyond 12 weeks, and the final A values for 
adult cats. Usually each of the plotted points represents the mean for the muscles — 
on the two sides. The points at 26 weeks, 26+ weeks, and adults represent the 
means for several animals, usually three. 


_crureus tends to be a little faster than soleus (cf. Gordon & Phillips, 1953). 


In Figs. 3 A—C and 4 A-C the six fast muscles are seen to have comparable 
time courses of differentiation, and the curves drawn in Figs. 3A—C and 
4A-C are in fact the same mean curves derived respectively from the 
pooled result of the six muscles. The standard curve of fast-muscle dif- 
ferentiation reaches a minimum value of about 25 msec contraction time 
and 16 msec half-relaxation time at 8-16 weeks, but thereafter there is 
probably a slight oe to the adult values of about 27 and 18 msec 
respectively. 
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In Fig. 50, D, E it is seen that already in the 3-week-old kitten the 
responses of the fast muscles to repetitive stimulation have approximated 
to the adult pattern. There is relatively little summation at 13/sec, and 
with a frequency as high as 46/sec the rhythm of stimulation can be 
detected on the tetanic plateau. In contrast, the rhythm of stimulation 
has virtually disappeared at 32/sec with the two slow muscles, crureus and 
soleus (A, B). When comparing tetani at various frequencies of fast and 
slow muscles, it will be seen that comparable degrees of fusion occur when 


the frequencies are appropriately chosen. For example the fusion for fast _ 


muscles at 32/sec in Fig. 5C—EH is approximately the same as at 13/sec for 
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Fig. 4. Half-relaxation times of the various muscles, conventions as for Fig. 3. 
Note again that the line drawn in A, B and C is for the pooled results of these 
three graphs for the six fast muscles. Again the age scale is changed beyond 
12 weeks. 


the slow muscles (A, B), and again 46 and 66/sec for the fast muscles cor- 
respond respectively to 19 and 32/sec for the slow muscles. However, the 
comparison is not exact because slow muscles have a slowly climbing 
tetanic platéau, whereas with fast muscles the plateau shows little or no 
tendency to climb (Fig. 5C—H at 66/sec), and may even decline. 

When comparing the speeds of different muscles, as exhibited by their 
responses to various frequencies of stimulation, it has been important to 
plot the response-frequency curves for these muscles, or, response-stimu- 
lus-interval curves as has been done in Fig. 5F-—J. The frequencies or 
stimulus intervals are related to the tensions of the summed contractions by 
S-shaped curves (best seen in J, J) that attain maxima at frequencies which 
give a smooth plateau, i.e. at which there is complete fusion of the summed 
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contraction responses (cf. Adrian & Bronk, 1929; Cooper & Eccles, 1930). 
A basis for comparison of the speeds of muscles has been conveniently given 


by the stimulus intervals for the mid points of the S-shaped curves, as 


shown by the arrows in Fig. 5 F—J. The characteristic stimulus intervals so 
determined for the various muscles have been plotted in Fig. 6 against age, 
so forming another set of curves expressing the time courses of differentia- 
tion of muscles (cf. Figs. 3, 4). In the day-old kitten the repetitive responses 


reveal that all muscles are uniformly slow (cf. Fig. 7), and the adult speed 
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Fig. 5. A-H. Responses of five representative muscles of a 3-week kitten, as 
indicated, to repetitive stimulation at the frequencies. per second stated above 
each column. Note tension scales in grams. At the column on the extreme 
right (F-—J) the tetanus:twitch ratios for each muscle are plotted as ordinates 
against the stimulus intervals of the tetani (i.e. the reciprocals of the frequencies), 
as abscissae. Note that the longest stimulus intervals are plotted to the left to 
correspond age the aengeoent of the records in each row. The arrows mark on 
the response interval curves of each muscle the stimulus intervals giving 
half the maximum tetanic summation, i.e. half way between the twitch tension 
and the maximum tetanic tension. Weight of ithe, 0-52 kg. 


of fast muscles is almost attained by five weeks. The curves of Fig. 6 are 
less complete than Figs. 3 and 4 because the strain gauge was too weak 
(maximum only 2-2 kg) to record the tetanic contractions of most fast 
muscles in kittens of over 16 weeks. A further defect in Fig. 6 is that the 
durations of the tetani were usually too brief to attain the plateau tensions 
with the slow muscles, particularly at low frequencies (cf. Fig. 7). As a 
consequence the plotted points of Fig. 6 D are often too low, and this may 
account for the very low values for soleus and crureus at 1—2 weeks. 
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Despite these defects, Fig. 6 may be regarded as giving a sufficiently 
reliable index of the differentiation of fast and slow muscles in respect of 
their repetitive responses, which is seen to follow a time scale approxi- 
mately comparable with that given by the two previous criteria, con- 
traction times (Fig. 3), and half-relaxation times (Fig. 4). 

The unique time courses of differentiation of the speeds of contraction of 
fast and slow muscles raise the question of the nature of the controlling 
influences. For example, it.can be asked if the influences are inherent in 


oLG | 
80 | 


£ 
a 168 24 6. 70.12 16 20 
£100; B 100+ D 
80, oPL 805 
E “GR 
3 cor 
°SOL 
Age (weeks) Age (weeks) 


Fig. 6. Stimulus intervals, giving half the maximum tetanic summation, mea- 
sured as indicated in Fig. 5F—J; conventions as for Fig. 3. There is a paucity of 
values for the older animals because the maximum tetanic tensions were beyond | 
the range of the strain gauge. : 


the muscles or if they are the result of some action of the nervous system 
which is different for fast and slow muscles. As a first attempt to decide 
between these two alternatives, the nervous system has been subjected to 
various operative procedures in kittens a few days old and the effects of — 
such lesions on muscle differentiation have been examined by later experi- 
mental investigations: One kitten could of course be employed only for 
one such testing period, just as with the normal differentiation curves of 
Figs. 3, 4, 6. 


Effect of spinal cord.transection on differentiation of muscle 
The spinal cord was transected at the first or second lumbar segment in 
nine kittens 1-3 days old. A representative series of muscle twitches is 
illustrated in Fig. 8 for a spinal kitten 13 weeks old. With normal kittens 
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100 msec 


Fig. 7. Tetanic responses of the various muscles of a kitten 20 hr old at the 
frequencies indicated as in Fig. 5; note that the crureus muscle at the lowest 
frequency was recorded at higher amplification than the remainder of the series. 
Tension scales in grams; weight of kitten, 0-09 kg. 
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10 msec 

Fig. 8. Twitches of the various muscles indicated in a 13-week-old kitten, spinal 

cord transected at the L1 level when 36 hr old; note the very fast twitches for 

crureus and soleus muscles, and the very fast relaxations of the gastrocnemii, 

and gracilis; the two components of gracilis are very conspicuous. Weight of 

kitten, 1-75 kg; tension scales in grams, showing as usual the zero tension. 
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of that age there has been virtually complete differentiation of the slow 
muscles, the contraction times being in the range 60-90 msec (cf. Fig. 3 )), 
and the half-relaxation times 50-100 msec (cf. Fig. 4D). In contrast, 
crureus and soleus in Fig. 8 had contraction times of 33 and 32 msec 
respectively, and half-relaxation times of 24 and 25 msec respectively. The 
observations on soleus and crureus contractions in spinal kittens are 
plotted as open and filled circles in Fig. 9D for contraction times, and in 
Fig. 10D for half-relaxation times. Comparison with the standard curves 
of Figs. 3, 4 (broken lines) reveals that there has been a failure of the 
differentiation of slow muscles that normally occurs between 5 and 16 
weeks; as a consequence soleus and crureus responded by twitches that 
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Fig. 9. The open and filled circles show the contraction times for muscle twitches, 
as in Fig. 3, but for animals in which the spinal cord had been transected when 
1—4 days old, as illustrated in Fig. 8 (CC, cord cut; CDC, cord and dorsal roots 
cut). The crosses show a similar series for muscles as indicated by the symbols, but 
for animals in which the initial operation gave a complete isolation of the spinal 
cord from all incoming impulses, as described in the text, a representative series 
being illustrated in Fig..11 (CDC = cord and dorsal roots cut). The broken lines 


_ Show the standard curves for. the contraction-time—age curve, derived as in 
Fig. 3. 


were but little slower than the fast muscle responses (cf. Fig. 8). Corre- 
spondingly there was a shortening of the stimulus interval for half tetanic 
summation, the mean value at 10-20 weeks being about 40 msec, which is 
much closer to the mean value for normal fast muscles, 27 msec, than for 
normal slow muscles, 73 msec (Fig. 6). 
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On the other hand the contraction times of the fast muscles of spinal 
kittens differed very little from the muscles of normal kittens (Fig. 9A, 


B, C), though possibly the contraction times were a little shortened in the 
oldest spinal kittens. A much more significant difference appeared in the 
half-relaxation times of these muscles, particularly the medial and lateral 
gastrocnemii (Fig. 8), plantaris and gracilis (Fig. 8), the mean values being 
about 12 msec (Fig. 10A, B), as against 16-18 msec for normal kittens in 


the age group of 6-20 weeks (Fig. 4A, B). 


As is illustrated in Fig. 8 and 
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Fig. 10. Half-relaxation times of the muscle twitches; conventions as in Fig. 9. 
The broken lines show the standard curves as derived in Fig. 4. 
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Fig. 11. Twitches for the various muscles in a 33-day-old-kitten in which the 
spinal cord was subjected to an ‘isolation’ operation, as described in the text, 
when 4 days old; note the very fast twitches given by crureus and soleus muscles. 
Weight of kitten, 0-51 kg; tension scales in grams. 


| plotted in Fig. 100, the half-relaxation times for the FDL and FHL muscles 


were unaffected by the spinal transection, with mean values of about 
17 msec over the same range of age. The early step on the gracilis twitch 
appears when there is a slack component (R. M. Eccles & Iggo; un- 
published). 
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The stimulus intervals for half tetanic summation of fast muscles also 
were not significantly affected by the spinal transection. | 


Severance of all inflow of impulses into lower lumbar spinal cord 


A more complete isolation of the lumbo-sacral cord was accomplished 
in five kittens by an initial operative procedure of eliminating all afferent 
input into the spinal cord by severing the dorsal roots extradurally on 
both sides of the stump of cord below the transection in the upper lumbar 
region, the ventral roots being left intact. This operation has previously 
been employed in order to effect a complete suppression of the discharge 
from all motoneurones, so producing disuse atrophy of the muscles (Tower, 
' 1937a, b, 1939; Eccles, 1941, 1944). Kittens less than 1 week old adapted 
to this severe operation much better than older kittens. These completely 
inactivated muscles showed a remarkable gain in weight and power, so 
that over the first 5 weeks they did not fall below two-thirds of normal in 
these respects. Sere 

_ The final experimental tests (cf. Fig. 11) revealed that the differentiation 
of fast muscles proceeded along virtually the normal time course (crosses in 
Figs. 9 AC’, 10 A-C), though, just as with the transected spinal cord, there 
was possibly a little deviation towards shortening at the longest post- 
operative intervals. However, with soleus and crureus the contraction 
times, half-relaxation times and the stimulus intervals for half tetanic © 
summation showed an even more rapid shortening over the first few weeks 
(cf. Fig. 11 at 33 days old) than was observed after the spinal transection 
(ef. crosses with circles in Figs. 9D, 10D). As a consequence, the time 
courses of differentiation of these muscles (Figs. 9D, 10D) differed very 
little from those of fast muscles (Figs. 9A, B, C; 10A, B, C). 


Cutting of dorsal roots | 


Since complete isolation of the spinal cord from incoming impulses 
produced a larger change in the slow-muscle differentiation than mere 
section of the spinal cord, it was of interest to see if muscle de-afferentation 
per se would cause any change in muscle differentiation. The dorsal roots 
of the lumbosacral spinal cord were transected extradurally from L4 to 
S2 on one side, the other side being left as a control. 

Two kittens were tested at 12 weeks after such an operation had been 
performed 2-3 days after birth. The contraction times were found to be 
virtually identical on the two sides for the fast muscles, as also were the 
half-relaxation times and the stimulus intervals for half tetanic tension. 
In contrast, for the de-afferented slow muscles, soleus and crureus, the mean 
values for all these three times were 10 to 15°, lower than the control 
values. More investigation is desirable, but it seems likely that de- 
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afferentation of slow muscles causes a small effect of the same kind as that 
observed with cord section or isolation of the spinal cord. 


DISCUSSION 


In kittens a few days old the operative isolation of the lumbosacral spinal 
cord from all incoming impulses has resulted in completely flaccid hind- 
limbs. As with adult animals (Tower, 1937a, b, 1939; Eccles, 1941); there 
has apparently been an absence of all discharge of impulses from the 
motoneurones. Under such circumstances it was remarkable that the 


- muscles developed so well in size and in power of contraction. Further- 
more, the development of speed of contraction of fast muscles followed a 


normal time course over the first few weeks (crosses in Figs. 9A, B, C; 
10A, B, C); thereafter the contractions were rather faster than normal, | 
particularly during the relaxation phase (Figs. 10A, B). It can be con- 
cluded that the normal process of differentiation of fast muscles occurs 
independently of their activity. As would be expected, the differentiation 
of fast muscles was also unaffected by partial isolation of the lumbosacral 


spinal cord from incoming impulses, either by transection of the spinal cord 
(circles in Figs. 9A, B,C; 10A, B, C), or by it on the side of 


the muscles being investigated. 

It is of great interest that the slow muscles, soleus and crureus, exhibited 
such a different behaviour. There was a complete failure of the late phase 
of slowing of contraction and relaxation (Figs. 9D, 10D), which normally 
resulted in the full differentiation of the slow muscles during the age range 
of 5-16 weeks (Figs. 3D, 4.D). Nevertheless, soleus and crureus remained 
throughout a little slower than the fast muscles, particularly in their 
relaxation phase. It seems likely, therefore, that they were subjected to a 
small differentiating influence even after the operation of complete iso- 
lation of the spinal cord. Over the age range of 3-8 weeks the contraction 
times and half-relaxation times for soleus and crureus tended to be briefer 
after the operation of complete isolation of the spinal cord than when there 
was merely a cord transection (compare crosses with circles in Figs. 9D, 
10D). Possibly the spinal transection did not accomplish a full removal of 
all of the differentiating influence that is normally exerted on soleus and 
crureus. It seems that de-afferentation is still less effective in removing 
this differentiating influence, but further investigation is desirable. 

The operative transection or isolation of the spinal cord in addition 
depressed the summation of contractions both of fast and slow muscles. 


‘This effect has been observed to develop within 3 weeks of the isolated cord 


operation in adult cats, the tetanus: twitch ratio being usually reduced to 
about half the normal value (Eccles, 1941). A similar reduction of the 
tetanus:twitch ratio was observed when the spinal cord isolation or 
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transection was performed on 5-week-old kittens (Buller et al. 1960). In the 
adult cat daily stimulations of the muscle caused little or ho improvement 
in the tetanus: twitch ratio, in contrast to the considerable improvement 
in disuse atrophy that was produced, particularly in flexor muscles 
(Eccles, 1941). It does not, therefore, seem justifiable to attribute the low 
tetanus: twitch ratios simply to disuse of the muscles. Yet it is to be dis- 
tinguished from the effects of the spinal cord operations on the speeds of 
muscles, for it occurs with fast as well as with slow muscles. 


100 
80 
= Slow 
c 
20 
0 » ee 4 6 8 10 12 16 20 


Age (weeks) 
Fig. 12. Diagram showing the standard time courses of the contraction-time—age 
curves (Fig. 3) for slow and fast muscles (continuous lines), and the postulated 
curves for these muscles in the absence of neural influences (broken lines). The 
hatched areas thus give the effects of the respective neural influences. 


Under all experimental conditions the contractions of all muscles except 


gracilis have indicated that there has been no appreciable admixture of, 


muscle fibres with very different contraction and relaxation times. 
Evidence of an admixture of fast and slow muscle fibres has been obtained 
for tibialis anticus (Gordon & Holbourn, 1949; Gordon & Phillips, 1953) 
and for caput medialis of triceps brachii (Eccles et al. 1958). It might 
appear that with gracilis there is an extremely fast component with a 
contraction time of about 5 msec (Fig. 8 GR). However, recent investiga- 
tion (R. M. Eccles & Iggo, unpublished) has shown that this effect arises 
on account of the relative -slackness of a component of gracilis that is 
inserted into the fascia over the gastrocnemius. 

It will be convenient to introduce at this stage a diagram (Fig. 12) 
illustrating the postulated action of differentiating influences on slow and 
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contraction tension, that have been completely inactivated from a few 
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fast muscles, though some of the supporting evidence is given in the next 
paper (Buller e¢ al. 1959). The two continuous lines are the standard curves 
for the differentiation of slow and fast muscle contraction times (Fig. 3). 
The broken lines give the postulated curves when the slow and fast dif- 
ferentiating influences have been eliminated by the operation of the iso- 
lated spinal cord. The broken line for slow muscles is that observed in 
Fig. 9D, and the effect of the differentiating influence is portrayed by the 
hatched area. With fast. muscles the isolated cord operation failed to 
reveal any comparable influence (Fig. 9 A—C), but when the isolated cord 
operation was performed on 5-week-old kittens, the fast muscles had 
contraction times about 5 msec slower than normal (Buller e¢ al. 1960, 
Fig. 11A). Possibly the action of disuse during the first few weeks of 
differentiation had prevented the appearance of these slightly slowed con- 
traction times in Fig. 9. Certainly the small hatched area representing a 
fast differentiating influence is based upon much less secure evidence than 
is the slow differentiating influence. Figure 12 also depicts, by the dif- 


fastness that remains to characterize the slow and fast muscles after iso- 
lation or transection of the spinal cord (Figs. 9, 10); and which is also 
evidenced by the cross-union experiments of the next paper (Buller et al. 
1960). | 

In one respect Fig. 12 may be related to earlier experimental obser- 
vations. The suggested absence of a differentiating influence from the 
spinal cord with kittens under 2 weeks old conforms with the general 
finding of experimental embryology that nerves do not exert a formative 
influence until late in embryonic life (Hamburger & Levi-Montalcini, 
1950; Singer, 1952). The same independence of peripheral tissues has been 
demonstrated by the good development of muscles, both in weight and 


days after birth. | 
The experimental investigations of Gasser & Hill (1924) and of Hill 
(1949, 1953) on the frog sartorius have indicated that the ‘active state’ of 
the muscle contractile process is no greater for a fused tetanus than for 
a twitch. The recorded ‘isometric’ contractile tension of the twitch is so 
much lower bécause the series-elastic components of the muscle allow 
shortening even under very rigid extrinsic conditions of isometricity (Hill, 
1949; Jewell & Wilkie, 1958); and, as a consequence of the shortening and 
the muscle viscosity, the rising phase of the twitch contraction is delayed 
and reaches its maximum only when the ‘active state’ has subsided to 
a fraction of its maximum (Hill, 1949) that depends on the particular 
muscle being studied. On the other hand, during a tetanus at a sufficiently 
high frequency, the ‘active state’ is maintained at a steady level, which 
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gives the tetanic tension during a maintained plateau. No attempt has 
yet been made to determine the time courses of the ‘active states’ during 
twitches of mammalian fast and slow muscles. However, since these 
muscles exhibit similar differences in time course, not‘only in contraction 
time (Figs. 3, 9), but also in half-relaxation time (Figs. 4, 10) and in the 
stimulus intervals for a corresponding summation of tetanic responses 
(Fig. 6), it may be assumed that the time courses of their ‘active states’ 
are involved in the differences in their speeds of contraction. From the 
difference in the rate of rise of tension in a tetanus, it appears that the 
force—velocity relation may also be implicated. Thus the normal dif- 
ferentiation into slow and fast muscles and the changes produced in this by 
the operative procedures on the spinal cord arise on account of changes in 
the durations of the ‘active states’ and in the contractile process of the 
muscles. The techniques developed by Macpherson (1953), by Macpherson & 
Wilkie (1954), and by Ritchie (1954) should be employed in order to 
analyse these differences for the fast and slow muscles under the various 
conditions of investigation. 
SUMMARY 

1. Isometric twitch and tetanic responses of hind-limb muscles of cats 
have been recorded over a wide range of ages, from within one day of birth 
to the adult. Precautions have been taken to ensure that the responses have 
been compared under standard conditions of temperature (37—38° C) and 
initial tension. 

2. Earlier observations have been confirmed in that all muscles are 
equally slow in the new-born animal, and the fast muscles attain their 
adult speed in about 6 weeks. The slow muscles, soleus and crureus, also 
quicken, but to a lesser extent, over the first 5 weeks. Thereafter there is a 
progressive slowing to approach the adult condition in 16-20 weeks. 

3. Virtually the same time course for this differentiation of speed is 
given by the three measurements that have been employed: time to 
summit of twitch; time from summit to half-relaxation of twitch; interval 
between stimuli at the tetanic frequency building up to half the maximum 
tetanic contraction. | | 

4. The differentiation of fast muscles is virtually unaffected by spinal 
cord transection or by operative isolation of the lumbosacral spinal cord 
from all incoming impulses. However, the differentiation of slow muscles 
is greatly depressed, there being a complete failure of the late phase of 
slowing, so that in a few weeks soleus and crureus become nearly as fast in 
every respect as normal fast muscles. 

5. These results indicate that the differentiation of slow muscles is 
largely effected by neural influences exerted from the spinal cord. 
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In the preceding paper (Buller, Eccles & Eccles, 1960) evidence was 
presented which suggested that the differentiation of slow muscles of the 
cat hind limb to a large extent failed to occur after certain operative pro- 
cedures on the spinal cord. This finding indicates that in some way the 
central nervous system controls muscle differentiation. A more analytic 
investigation into this postulated influence of nerve on muscle has been 
accomplished by dividing and cross-uniting nerves to fast and slow muscles, 
so that motoneurones formerly innervating the fast muscle come to inner- 
vate the slow muscle by virtue of the regenerative outgrowth of their 


of this crossed innervation on the speed of muscle contraction has been 


also been carried out on animals subjected to the operative procedures on 
the spinal cord, as previously described (Buller e¢ al. 1960). Cross-union 
experiments allow in addition an investigation into the possible effects in 
the reverse direction, i.e. of speed of muscle contraction on the conduction 
velocity of the axons and the after-hyperpolarization of the motoneurones 
which innervate it. A preliminary account of part of this investigation has 
already been published (Buller, Eccles & Eccles, 1958). 


METHODS 


Most of the cross-union operations have been performed on kittens 2-3 weeks old, but 
some operations had a wide age dispersion: on kittens as young as 6 days; on kittens from 
3 weeks to 4 months; and on full-grown cats at least 6 months old. The operations were 
performed on anaesthetized animals with full aseptic precautions. Usually the cross-union 
has been effected between the nerves to soleus and flexor digitorum longus muscles (FDL), 
but there have also been cross-union experiments between the nerves to peroneal muscles 
and soleus and between the nerves to gracilis and crureus. The position of the nerve suture 
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from the muscle originally innervated by the nerve. This precaution was important in order | 
to ensure that there was virtually full cross-regeneration uncontaminated by self-regenera- 
tion. However, in several of the early experiments a soleus nerve united to the peripheral 
stump of flexor digitorum longus nerve also achieved a small reinnervation of the medial 
side of soleus muscle. With the nerve pairs used it was possible to approximate the cut ends 
without appreciable traction. The respective proximal and distal stumps were then tied 
together by a very fine strand of nylon thread and the nerve sheaths were opened so that 
they would not impede the outgrowth of nerve fibres from the proximal stump into the 
distal stump. In about half the experiments the nerves were similarly divided on the control 
side, but each proximal stump was reunited to its own distal stump. The operations are 
illustrated diagrammatically in Fig. 1. 

The investigations of muscle contractions wére identical with those described in the 
previous paper (Buller e¢ al. 1960). The nerves to the muscles were dissected out as far 
proximally as possible and cut centrally. It was particularly important to stimulate the 
cross-sutured nerves well proximal to the site of suture so that there could be no doubt that 
the muscle contraction was evoked by the motor fibres that originally supplied a particular 
muscle, e.g. that FDL motor nerve fibres were evoking a contraction in soleus muscle. No 
complications arise on account of regenerating afferent nerve fibres because they do not 
make effective motor connexions with muscle fibres (Gutmann, 1945, 1958; Weiss & Edds, 
1945; Guth, 1956). In several experiments the conduction velocities of the various motor 

_ nerve fibres were measured by stimulating the muscle nerves and recording from the appro- 
priate ventral roots, as described by Eccles, Eccles & Lundberg (1958). Finally, the time 
courses of after-hyperpolarizations of motoneurones were measured by the standard technique 
of intracellular recording (Eccles et al. 1958). 


RESULTS 
Nerve cross-union and muscle speeds 


Comparison of Fig. 1B with A shows the invariable result of the cross- 
union operation: a considerable acceleration of the contraction of soleus 
muscle reinnervated by FDL nerve fibres, and, complementarily, a consider- 
able slowing of the contraction of the FDL muscle reinnervated by soleus 
nerve fibres. The soleus and FDL in Fig. 1A and B had had an equivalent 
history of nerve degeneration and regeneration. The relative changes in 
contraction times must therefore arise on account of the nerve cross-union. 
There were comparable contraction times on the two sides of all the 
muscles with undisturbed innervation, only two being illustrated in Fig. 1. 
Not only was the contraction time of soleus shortened to 42 msec in 
Fig. 1A, as compared with the 60 msec for soleus after self-regeneration in 
Fig. 1B, but the time from summit to half-relaxation was correspondingly 
shortened to 45 from 62 msec. Complementarily, the FDL. contraction 
times and half-relaxation times were lengthened from 33 to 59 msec and 
from 32 to 67 msec respectively. It will be seen that the two control 
muscles had twitch tensions within a few per cent of each other on the 
two sides. In contrast, the cross-innervated muscles developed only about 
half the twitch tension given - the corresponding self-reinnervated — 
muscles on the control side. 
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7 SOL FDL FHL MG 


FDL 


st 1. Series of twitches for the muscles indicated by the symbols to show effect of 
nerve cross-union: SOL = soleus; FDL = flexor digitorum longus; FHL = flexor 
hallucis longus; MG = medial gastrdcnemius. A shows the contractions for the 
left side in which the soleus and FDL nerves had been cross-sutured (see diagram 
to left) at the age of 21 days, the experimental investigation being 30 days later. 
In the control side, B, the soleus and FDL had been severed and rejoined at the 
original operation, as in diagram to left. The decade-counter device (lower beam) 
gives the contraction times in milliseconds, Weight of kitten = 0-85 kg. Tension 
scales in grams indicate zero tension. 
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Fig. 2. Repetitive muscle responses to show effect of nerve cross-union. The | 
original nerve operations were performed, as in the diagrams of Fig. 1, on the 
16-day-old kitten, and 60 days later the repetitive muscle responses at the indi- 
cated frequencies were recorded for the soleus and FDL muscles on the two sides. 
In the A series the soleus muscle was activated by the FDL nerve, and in the B 
series by the soleus nerve, as for soleus in Fig. 1 A and B respectively. Likewise in 
the C series FDL muscle was activated by the soleus nerve, and in the D series by 
the FDL nerve, as for FDL muscle in Fig. 1A and B respectively. Weight of 
kitten = 1-4 kg. Note tension scales in grams and time scales in 100 msec. 
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As would be expected, there was an equivalent change in the summation 
of contractions produced by repetitive stimulation (Fig. 2). The soleus 
innervated by FDL motoneurones (A) required a considerably higher 
frequency of stimulation to give an equivalent fusion of contractions than 
in B, and conversely with the repetitive responses (C) of the FDL muscle 
innervated by soleus motoneurones. Plotting of the frequency—response 
- curves (cf. Buller et al. 1960, Fig. 5 F—J) shows that in Fig. 2 the stimulus 
interval for a contraction tension midway between the twitch and the 
maximum tetanus was shortened from 57 to 28 msec for the FDL- 
innervated soleus muscle and lengthened from 25 to 65 msec for the soleus- 
innervated FDL. 

It has been regularly observed (cf. Fig. 2) that the ratio of maximum tetanic tension to 
twitch tension was abnormally high for soleus muscles reinnervated by FDL nerves. The 
values ranged from 7 to 16, as against normal values of 3 to 8 for self-reinnervated soleus 
muscles. In contrast, the ratios were in the range 2-5—4-5 for FDL muscles with either self- 
or cross-reinnervation, which is the range normally observed for both fast and slow muscles 
of the hind limb (cf. Cooper & Eceles, 1930). However, gracilis always gave exceptionally 
high ratios, usually 5-7, presumably on account of the summation of the extremely fast 
component (cf. Buller et al. 1960). 

The plotted points (open circles) in Fig. 3.4, B give the contraction times 
of FDL and soleus muscles for the whole series of experiments in which the 
nerve cross-union was performed in kittens 16-22 days old, with control 
self-reinnervation on the other side (filled circles). Thus in each case the 
arrow gives the change in contraction time attributable to the alien in- 
nervation. Invariably, soleus reinnervation substantially slowed the FDL 
muscle, whereas FDL reinnervation quickened soleus muscle. In Fig. 34, 
B there is no indication of a trend in the magnitude of the change with 
increasing duration of the alien innervation, there being as large a change 


at 30 days post-operatively as at 90-100 days. However, the series is — 


distorted by the values at 10-16 weeks from three kittens of the same litter 
that had abnormally fast soleus muscles. Moreover, further investigation 
is required at shorter intervals post-operatively. So far 23 days has been 
the briefest post-operative test period (crosses through circles in Fig. 3A, 
B), and even then the changes — to be as fully developed as with 
Jonger test periods. 

In general, the plotted points in Fig. 3A, B show that the effect of the 
alien innervation falls short of a complete transformation of the muscle, 
the transformed FDL being faster than soleus muscle at an equivalent age, 
as indicated by the broken line in A ; while the transformed soleus likewise 
remains a little slower than a fast muscle, as indicated by the broken line 
in B. One possible explanation of this incomplete transformation would 
be that the operation was performed on kittens 16-22 days old when there 
had already been a considerable differentiation into the fast and slow types 
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(cf. Buller e¢ al. 1960). However, two further investigations eliminated this 
explanation: the transformation was similarly incomplete when cross- 


union was performed on 6-day-old kittens (Fig. 4); and there was just as 


effective a transformation when the cross-union was performed on full- 
grown cats (Fig. 5). The plotted points to the extreme right of Fig. 3C, D 
are the means for the three experiments in which the cross-unions were 


performed on full-grown cats (over 6 months). With all the experiments 


plotted in Fig. 3C, D there was no control operation on the other side. 
With all the points for ages in excess of 16 weeks the post-operative test 
periods were very prolonged (100-200 days), but even then the trans- 
formations were in general incomplete. 
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Fig. 3. Plotting of muscle contraction times to show changes produced in all 
experiments on cross-union between soleus and FDL nerves. Ordinate, muscle 
contraction times from records such as those of Fig. 1 plotted against abscissa, age 
in weeks, A and B give contraction times for FDL and soleus muscles for kittens 
that were operated at 16-22 days old (age range indicated by arrows), the open 
circles and filled circles giving respectively the contraction times for the alien- 
innervated and control muscles as in the diagrams to the left of Fig. 1. The arrows 
give the direction and magnitude of the change produced by the cross-union. The 
standard curves for contraction time—age (Buller et al. 1960, Fig. 3) are shown as 
a continuous line for the muscle itself and a broken line for the muscle belonging 
to the nerve that now provides its innervation; note that the direction of the 
change is always towards the curve characteristic of the new innervation. The 
crosses distinguish the points of the 8-week old animal, because that cross-union 
operation was performed on an older animal (44 weeks) than the others. 3 
In C and D the open circles have a similar significance as in A and B, but the 
filled cireles give contraction times for muscles on which no control operation had 
been performed, i.e. on muscles that had retained their normal innervation through- 
out. The points plotted for the adult (marked A on abscissae) are the means of 
three experiments, one of which is illustrated in Fig. 5. 
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It is evident enough from the muscle twitches illustrated in Figs. 1, 4, 5 
that the cross-union brings about a change in the relaxation time as well as 
in the contraction time. This is illustrated in Fig. 6A, B, where times for 
half-relaxation have been plotted with the same conventions as for the 
contraction times in Fig. 3. There has been a pooling in Fig. 6A, B of the 
measurements for all experiments plotted in Fig. 3 A—D, and the standard 


Fig. 4. A. Series of muscle twitches as in Fig. 1 A, but the operation was performed 

on a 6-day-old kitten and the experimental observation was made 45 days later. 

_ As shown in diagram to the left, there was no control operation on the other side, 

. ie. the B series of records are for muscles with undisturbed innervation. Weight 
of kitten = 0-57 kg. Tension scale in grams. 


SOL FDL FHL MG 
Fig. 5. As in Fig. 1, but the initial cross-union operation was performed on an 
adult cat; and as in Fig. 4 there was no control operation on the other side. The 
final experimental test was made 201 days after the operation. © of cat = 
2-8 kg. Tension scale in grams. 


curves for normal muscles (cf. Buller et al. 1960, Fig. 4) have been drawn 


as in Fig. 3. As indicated by the arrows, there has been with only one | 


exception a considerable transformation of all muscles with alien nerve 
supply, but again the transformation has been incomplete. The very small 


lengthening observed for FDL muscle at the 23-week experiment (cf.. 


Fig. 3C) remains unexplained. 
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The repetitive responses illustrated in Fig. 2 reveal that the transform- 
ation also obtains for the tetanic responses of muscle. This is illustrated 
in Fig. 6C, D for all the cross-innervated muscles that were tetanically 
stimulated. As has been described previously (Buller e¢ al. 1960), the 
time factor for tetanic summation has been measured as the stimulus 


interval at which the tetanic tension lies midway between the twitch and 
maximum tetanic tensions. By this criterion, there has been a considerable 
transformation of all the cross-innervated muscles, but again it tended to 
be incomplete. 
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Fig. 6. Plotting as in Fig. 3, but for other measurements on muscle contraction to 

show effects of nerve cross-union. Half-relaxation times of the muscle twitches 
corresponding to the two series of Figs. 3A, B and C, D are pooled in Fig. 6A, B. 

The standard curves, plotted as continuous and broken lines as in Fig. 3, are those 
determined for half-relaxation times of normal muscles (Buller et al. 1960, fig. 4). 

In C and D there are plotted as ordinates the stimulus intervals at which repeti- 

tive stimulation gave half of the full tetanic summation. Again the standard curves 

are those determined for the normal muscles (Buller e¢ al. 1959, fig. 6). 


A possible explanation of the slowing of the FDL contraction when re- 
‘innervated by soleus nerve fibres (Figs. 1, 4, 5) would be that impulses in 
the regenerated soleus nerve fibres were evoking repetitive discharges from 
the FDL motor end-plates. Single nerve volleys evoke repetitive discharges 
from motor end-plates in which the cholinesterase has been inactivated 
(Brown, Dale & Feldberg, 1936; Brown, 1937), and even from the normal 
motor end-plates in the unanaesthetized preparation (Eccles & O’Connor, 
1938 ; Feng, Li & Ting, 1939), but such repetitive discharges have not been 
observed in preparations anaesthetized as in the present investigations 
(Eccles & O’Connor, 1939). In addition, there are two reasons why repeti- 
tive discharges cannot account for the lengthening of the FDL contractions — 
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in Fig. 1A: the muscle action potential showed no trace of repetitive 
discharge (Fig. 7B); when neuromuscular transmission was blocked by 
curare, the muscle twitches evoked by direct stimulation of the muscle 
fibres showed a similar difference when compared with the twitches of the 
control muscle. For example, in Fig. 74 the FDL twitch was throughout 
much longer than the control FHL twitch (Fig. 7F) of the same curarized 
preparation, 45-27 msec for the respective contraction times and 49- 
17 msec for the half-relaxation times, which were virtually the same ratios 
as before the curarization (Fig. 7C’, A). The responses to repetitive stimu- 
lation (Fig. 2C’) further show that the prolongation of the FDL twitches 


Before @rare 


After curare 


m 


msec ‘Indirect 10 msec 


Direct 


FHL FDL 


Fig. 7. A and C are twitches of FHL and FDL muscles with contraction times of 
27 and 48 msec respectively, the FDL being slowed by cross-union with soleus 
nerve. B is the action potential led from the surface of FDL muscle. D, E show 

_ that after intravenous administration of curare nerve stimulation failed with 
both muscles; but direct stimulation was effective in evoking twitches, F, G, com- 
parable with A, C. Weight of cat = 2-8 kg. 


was not due to repetitive end-plate discharge, for the prolongation was just 
as prominent with repetitive stimulation, which is contrary to the obser- 
vations on repetitive discharge from unanaesthetized motor end-plates 
(Eccles & O’Connor, 1938; Feng et al. 1939). 

Since the prolonged twitches of FDL muscle fibres innervated by the 
regenerated soleus nerve were observed even with direct stimulation of the 
curarized muscle, it must be concluded that the contraction mechanism of 
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the muscle has been slowed. It must likewise be concluded that the con- 
traction mechanism of the soleus muscle has been quickened on account of 
its regenerated innervation from FDL motoneurones. 

There has been sufficient investigation with other nerve-crossing experi- 
ments to allow generalization of the observations with soleus-F DL crossing 
to the crossing of any combination of nerves to fast and slow muscles. For 
example, Fig. 8B shows the slowing of twitches of gracilis muscle (con- 
traction times lengthened from 26 to 56 msec) when reinnervated by the 
slow crureus motoneurones, while in Fig. 8A the contraction time of the 
erureus muscle was shortened from 78 to 37 msec when it was reinnervated 
by the fast gracilis motoneurones. Similarly the twitch of soleus muscle 
was shortened from 94 to 36 msec when it was reinnervated by moto- 
neurones belonging to the fast peronei muscles (Fig. 8C). Thus in general it 
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200- 
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Fig. 8. A, B, twitch contractions of gracilis and crureus muscles cross-innervated 
from crureus and gracilis nerves respectively in the upper record; below, the 
normally innervated control muscles on the other side. The operation was per- 
formed on the 22-day-old kitten, and the subsequent experimental test 42 days 
later; weight of kitten = 0-63 kg. C, twitch contractions of soleus muscle, the upper 

- record 180 days after cross-union with the nerve to the peronei muscles (operation 
on 19-day-old kitten), the lower record being the control from the other side 
with unmolested innervation. Weight of cat = 2-4 kg. 


- can be concluded that the regenerated nerve fibres change the speed of the 


muscle contraction so as to bring it into an appropriate relationship with 
the frequency characteristics of the innervating motoneurones (cf. Eccles 
et al. 1958). The cross-union experiments further establish that this neural 
influence is continuously exerted even in the adult. For example, experi- . 
ments such as that illustrated in Fig. 5 show that the adult soleus moto- 
neurones are very effective in slowing the speed of a fast muscle which they 


-Teinnervate, and at the same time the soleus muscle deprived of their 


influence becomes a fast muscle. 
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The neural influence is sharply restricted to the muscle fibres that 


- receive the alien reinnervation. For example, in Fig. 9A the twitch con- 


traction time of that part of the crureus muscle supplied by a branch from 
the vastus medialis nerve has been shortened from 77 to 30 msec by 
reinnervation from the fast gracilis motoneurones. In contrast there was 
no significant difference for that part of the same crureus muscle with un- 
changed innervation by the branch from vastus lateralis nerve (Fig. 9 B). 
A similar experiment is illustrated in Fig. 9C—Z, where in C the FDL 
muscle with alien innervation from soleus nerve had a twitch contraction 
time of 72 msec in contrast to the value of 34 msec for that part with its 
normal innervation. There was a simple arithmetical summation of the 
two contractions when evoked in sufficiently close temporal sequence 
(Fig. 9D), as may be seen by comparison with Fig. 9#, where comparable 
wave forms were produced by an electrical model that was designed for 
arithmetical summation. 


D E 


FDL 


Fig. 9. A, B, twitch contractions of crureus muscle evoked by the branches from 
the nerves to vastus medialis (CRM) and lateralis (CRL) respectively, the upper 
records being from the left limb and the lower from the right. The left gracilis 
nerve had been cross-sutured to the crureus branch from vastus medialis nerve 
150 days previously and consequently there is a fast twitch in the upper record of 
A, The other three contractions were given by the crureus muscle with unmolested 
innervation. Weight of cat = 3-5 kg. C, D, contractions of left FDL muscle in 
another animal. One branch only of FDL had been cross-sutured to soleus nerve 
at operation on the 6-week-old kitten 21 weeks previously. Upper and lower 
records of C are twitches evoked in the FDL muscle from the soleus and FDL nerves 
respectively. D shows summation of the slow and fast twitches when partly super- 
imposed. H shows similar summation of wave forms generated electronically. 
Weight of cat for C, D = 3-4 kg. Note tension scales in grams, giving zero tension. 
Time scales in 10 msec for D and E. 


I nvestigation of factors modifying the a influence on muscle 


In the preceding paper (Buller e¢ al. 1960) operative isolation of the 
spinal cord from the remainder of the central nervous system, or, more 
radically, from the peripheral afferent nervous system as well, was found 
to result in a failure of the late phase of differentiation of slow muscle. 
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Apparently under such circumstances there was a serious failure of some 
neural differentiating influence that was concerned in the slowing of the 
speed of soleus and crureus contractions. It seems likely that the cross- 
union experiments give evidence of the operation of the same neural 
influence. It was therefore of interest to perform the cross-union experi- 
ments, when in addition the spinal cord had been operatively isolated. 
In four experiments on 4-week-old kittens the standard cross-union was 
effected between FDL and soleus, with the control operation giving self- 


regeneration on the other side. One week later the spinal cord from L2 to 


$2 segmental levels was isolated by transection and all dorsal roots of this 
stump of cord were transected extradurally, care being taken to preserve 
the ventral roots uninjured. Thereafter the animals required careful 
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Fig. 10. As in Fig. 1, but with the nerve cross-union and the control operation at 
age of 28 days. At 35 days the spinal cord was transected above L2 and below 
82 and all the dorsal roots from L 2 to S2 were severed extradurally on both sides. 
Final experimental test when animal was 56 days old. The control crureus twitch 
was recorded only on one side. Weight of kitten = 0-65 kg. Tension scales in grams 
giving zero tension. 


nursing with bladder and bowel emptying twice daily and skin treatment 


to minimize the development of bed-sores. All survived in good condition 


sufficiently long for effective regeneration of the severed nerves and the 
final experimental investigation of the muscle contractions. As illustrated 


‘in Fig. 10, there was under such conditions no appreciable change in the 


speed of muscle contraction as a consequence of the cross-union that had 
been effected 31 days earlier. The respective contraction times were 54 and 
55 msec for the crossed and control soleus muscles, the half-relaxation 
times being 81 and 82 msec. Similarly the FDL was virtually the same on 
the two sides, with contraction times of 41 and 43 msec and half-relaxation 


‘times of 44 and 40 msec for the crossed and control musecles respectively. 


There was also no appreciable difference between the repetitive responses 


on the two sides. a pete 
28 : PHYSIO. CL 


8 
A q 
B 
100- 50- 100- 
20- 50- 20- 50- : 


eee A. J. BULLER AND OTHERS 


Comparable results were given in the other three experiments, as 
illustrated by the plotted points of Fig. 114A, B. When compared with the 
cross-union experiments uncomplicated by the ‘isolation’ - operation 
(Fig. 3A, B), the FDL contractions on the control side (filled circles in A) 
were slower, while the control soleus contractions (filled circles in B) at the 
two longest test intervals were faster. In part the slowing of the FDL 
contractions relative to the standard age—contraction-time curve (con- 
tinuous line in Fig. 11A) is attributable to the aftermath of nerve de- 
generation and regeneration, as is seen in the three control values (filled 
circles) at 4—6 weeks post-operatively in Fig. 114. However, there was in 
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Fig. 11. A, B, plotting as in Fig. 3 of effect of cross-union on contraction times of 
FDL and soleus muscles, but with in addition the cord isolating operation as in 
Fig. 10. The oblique crosses show mean values for the contraction times of those 
fast and slow muscles, respectively, which remained on both sides with un- 
molested innervation, LG, MG, PL, FHL in A and crureus in B. OC, D, as with 
A, B, control operation at 28 days, but the subsequent operation at 35 days was 
_ limited to transection of the spinal cord at L2 level. Again the oblique crosses give 
-Mean contraction times for other muscles. In A—D the arrows at 4 weeks show 
time of nerve cross-union operation, and arrows at 5 weeks the time of the later 
cord operation. The standard curves for the contraction times are drawn as con- 
tinuous and broken lines with the same conventions as in Fig. 3. 


addition a slowing of the fast muscles with unmolested innervation, as is 
indicated by the oblique crosses lying above the standard curve in 
Fig. 11 A, each cross being the average of the contraction times for four 
fast muscles on each side. Thus it appears that the slowing of the control 
FDL contraction times in Fig. 11.4 was due to the operation of two factors. 
Cross-innervation by the soleus nerve fibres gave no additional effect, 
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there being a slight slowing in two experiments and a slight quickening in 


_ the other two. 


As would be expected, the soleus observations were complicated by 
another factor. The control observations on the crureus muscle with 
unmolested innervation (oblique crosses) reveal the same progressive 


shortening of contraction time that was observed both with soleus and 


erureus when the isolated cord operation was performed on younger 
animals (Buller et al. 1960, fig. 9). The contractions of the control soleus 
muscles with self-regeneration (filled circles) did not differ in any system- 
atic way from these unmolested crureus responses. Thus in Fig. 11B the 
operative isolation of the spinal cord provided the over-riding factor 
determining the speeds of contraction of the soleus muscles. Cross- 
reinnervation by the FDL nerve caused no demonstrable additional effect, 
as is indicated by two experiments giving shortening and two igs 


(note arrows). 


A similar absence of transformation by the cross-innervation was also 
shown by the other indicators of muscle speed, half-relaxation and the 
stimulus intervals for half-tetanic summation. The values for the indi- 
vidual muscles showed changes comparable with those occurring in the 
contraction times in Fig. 11.4, B, there being likewise no significant change 
in the mean values. 

When the initial operative laeines was merely transection of the spinal 
cord in the upper lumbar region, there was evidence of a less complete 
deprivation of the neural influence responsible for slowing the soleus and 
erureus contractions (Buller et al. 1960, figs. 9. 10). It would, therefore, be 
expected that after such an operation the cross-union experiment would 
provide evidence of a neural influence on muscle of the same kind as that 
normally observed, but smaller in amount. The nerve cross-union operation 
together with the control operation was performed on kittens 4 weeks old 


and one week later the spinal cord was transected in the upper lumbar 


region, i.e. this latter operation was performed well before the reinnervation 
was established. When the muscle contractions were investigated 4 weeks 
after the initial operation, it was found that there had been a small trans- 
formation of the muscles with alien innervation (Fig. 12). For example the 
FDL muscle with soleus innervation had lengthened contraction times and 
half-relaxation times, 36 msec lengthened to 45 msec in both cases, while 
the soleus muscle with FDL innervation had a faster twitch, the half- 
relaxation time being shortened from 51 to 35 msec, though the con- 
traction times were both 44-5 msec. The repetitive responses indicated 
comparable changes, the stimulus interval for half-tetanic summation 
being lengthened from 33 to 54 msec for FDL and shortened from 62 to 
39 msec for soleus. However, as is shown for the plotted points of the 
28-2 
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muscle contraction times for the four experiments in Fig. 110, D, the 
muscle transformation was on the average much less than half of that 
normally observed (cf. Fig. 3A, B). This relatively small transformation 
was also shown by the half-relaxation times and stimulus intervals for 
half-tetanic summation; the respective lengthenings of the mean values 
were from 32 to 34 msec and from 35 to 41 msec for the cross-innervated 
FDL muscles; and the respective mean shortenings wére from 43 to 
28 msec and from 49 to 36 msec for the cross-innervated soleus muscles. 
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Fig. 12. Series as in Fig. 10, but in which the operation at 35 days was limited to 
a spinal transection at the L2 level. Measurements from the four experiments 
of this type are plotted in Fig. 11C, D. Weight of itton ‘=e = 0-85 kg. Note tension 
scales in grams, giving zero tension. 


The muscle influence on nerve 
The effectiveness of the neural influence on muscle contraction time has 


obscured a possible alternative relationship—the influence which muscle | 


may exercise on the time characteristics of the innervating motoneurones. 
So far no attempt has been made to record intracellularly from moto- 
neurones in young kittens, and so to determine whether there is any 
process of differentiation of motoneurone speeds to match that observed 


for muscle (Buller et al. 1960); consequently the only experimental evi- 


dence relates to motoneurones which on account of nerve cross-union 


innervate muscles having inappropriate speeds. Since the muscles them- - 


selves are so effectively changed by the motoneurones (Figs. 1—6), no large 
changes could be expected in the reverse direction. Two criteria have been 
employed in an attempt to detect such a change. 

The duration of the after-hyperpolarization following the i invasion of a 
motoneurone by an impulse has uniformly been longer in soleus than 
_ gastrocnemius motoneurones (Eccles ef al. 1958). Five soleus motoneurones 
have been recorded from intracellularly after they had innervated the fast 
muscle, FDL, for over 20 weeks. The contraction times of these FDL 


muscles were of course considerably slowed as a consequence (cf. Figs. 3, 6), 
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but the after-hyperpolarization showed no complementary quickening, 
being still uniformly over 150 msec in duration. Small changes would not 
be detected by this relatively insensitive test. A more sensitive method 
of detecting small changes is provided by measurements of conduction 
velocities of motor axons after cross-union experiments, control measure- 
ments being provided by the other limb in which the same nerves were 
severed and then rejoined to their own peripheral stumps. There was, 
likewise, no appreciable change (less than 3% in either direction) in con- 
duction velocity as a result of the cross-union, i.e. within the accuracy of 
measurement soleus nerve fibres had the same conduction velocity on the 
two sides, as also did FDL nerve fibres. Thus we may conclude that muscle 
fibres exert no appreciable influence on the time characteristics of moto- 
neurones that innervate them. It is to be noted that this negative result 
is obtained for the direction of the modulating influence postulated by 
Wiersma (1931), Weiss (1950) and Sperry (1950, 1951). It can be concluded 
that the interaction influencing the time characteristics of motoneurones 
and muscle fibres occurs very largely, if not exclusively, f in the reverse 
direction, from motoneurones to muscle fibres. 


DISCUSSION 


In the preceding paper (Buller et al. 1960) it was shown that the opera- 
tion of isolation of the spinal cord from all incoming impulses caused a 
failure of the normal process of differentiation of slow muscles, and a 
simple transection of the spinal cord was rather less effective in the same 
way. Exactly parallel results have been obtained when the nerve cross- 
union operation was employed to test for muscle differentiation, cord 
isolation resulting in the complete failure of nerve cross-union to change 
muscle speed (Fig. 11.4, B), while after cord transection it produced only a 
small change (Fig. 11C, D). It may be postulated, therefore, that the same 
neural influences are bringing about the muscle transformation in the 
normal process of muscle differentiation and in the artificial conditions 
created by the nerve cross-unions. 

The simplest explanation of the influence of motoneurones on muscle 
speed would be that it is due to the frequency of impulse discharge: the — 
contraction time of a slow muscle is accelerated when subjected to the 
high-frequency discharges from fast (phasic) motoneurones ; while a slowing 
of contraction time ensues when a fast muscle is subjected to the relatively 
slow frequencies of discharge from tonic motoneurones. Phasic moto- 
heurones usually discharge at frequencies from 30-60/sec, while with tonic 
motoneurones the frequency is usually 10—20/sec (Denny-Brown, 1929; 
Adrian & Umrath, 1929; Granit, Henatsch & Steg, 1956; Granit, Phillips, 
Skoglund & Steg, 1957). 
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It would be very difficult technically to arrange artificial stimulation of 
several weeks duration so that there was a prolonged transposition of these 
characteristic frequencies of action, independently of nerve cross-union. 
However, the postulated continuous relationship between frequency of 
activation and the resultant muscle speed can be tested by eliminating all 
discharge from motoneurones. This requirement is achieved by the iso- 
lated spinal cord operation, as was first demonstrated by Tower (1937a, b). 
Under such conditions there is no inflow of impulses into the isolated 
lumbosacral segments of the spinal cord, and consequently no discharge 
therefrom, the hind limbs remaining absolutely flaccid. According to the 
frequency hypothesis it would be predicted that the complete cessation of 
all discharge would give a more effective slowing of a fast muscle than the 
low frequency of activation consequent on reinnervation from soleus moto- 


neurones (Fig. 3A). But the reverse is observed: the small lengthening of | 


contraction time (about 5 msec above the standard curve) for the oblique 
— erosses in Fig. 11A contrasts with the much larger lengthening for the 
soleus-reinnervated FDL muscle in Fig. 3A, C, which was about 20 msec 
longer on the average. Similarly the small lengthenings of the half-relaxa- 
tion time and of the stimulus interval for half tetanic summation contrast 
with the much larger lengthenings in Fig. 6 A, C. The frequency hypo- 
thesis fails even more significantly in Fig. 11.B (oblique crosses), where 
cessation of all motoneuronal discharge to crureus muscle caused a con- 
siderable quickening of its contraction (contraction times 10-20 msec 
shorter than for the standard curve), which is the reverse change from the 
slowing that would be predicted. 

An alternative hypothesis would be that muscle speed was controlled by 
the aggregate number of impulses activating the muscle fibres in a given 
time, the higher the aggregate the slower the muscle speed; and that the 
more continuously active tonic motoneurones would actually be delivering 
a higher aggregate despite their lower frequency. It certainly would be 
surprising if the sharp differentiation of muscles into fast and slow types 
(cf. Buller e¢ al. 1960) were effected by such a relatively variable factor as 
the aggregate number of impulses fired by tonic and phasic motoneurones 
respectively, particularly when it seems that animals differ so much in their 
phasic activity. But in addition to this general criticism, the aggregate 
hypothesis is contra-indicated by the effects of reducing the aggregate to 
zero. The predicted quickening of slow muscles does indeed then occur 


(Fig. 11.B, oblique crosses), but it certainly is no larger than when slow © 


muscles are reinnervated by phasic motoneurones (Fig. 3B, D). Moreover, 
the oblique crosses in Fig. 11.4 show that with zero activation fast muscles 
are slower than normal, whereas the aggregate redectctaues would predict 
the opposite 
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warranted to postulate some difference in the chemical transmitters 
liberated at the neuromuscular junctions formed by the tonic and phasic 


_ belief that acetylcholine is the transmitter at both types of junction. 


_ through afferent fibres or sympathetic fibres. The latter possibility can virtually be excluded 


fibres on muscle is highly improbable because they do not enter into close relationship with 
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A third hypothesis has been suggested by Mr A. F. Huxley. A fast 
muscle would give a grossly oscillatory response at the prevalent frequency 
of stimulation provided by slow motoneurones (cf. Buller et al. 1960, 
Fig. 5C-E, at 13/sec), and conceivably this oscillation could effect the 
gradual transformation to a slow muscle, so alleviating the stress of the 
oscillatory contraction. When not acted on by this postulated differentiating 
influence, i.e. with higher frequencies of stimulation or with zero stimula- 
tion, all muscle fibres become fast. Since slow motoneurones vary so 
much in their frequency of discharge, it seems unlikely that the sharp 
separation which characterizes fast and slow muscles could be produced by 
such a frequency-dependent influence. This hypothesis has the virtue that 
it can be tested experimentally: for example, it would predict that the 
muscles of a spinal animal would be slowed (in contrast to Fig. 9D, 
Buller et al. 1960) if they were artificially — at the postulated 
frequency of 10-20/sec. 

A further possibility is that some specific anes is exerted by the 
impulses discharged by tonic and phasic motoneurones along their axons. 
Tonic motoneurones certainly differ in that they have smaller motor axons 
(Eccles & Sherrington, 1930; Hagbarth & Wohlfart, 1952), which con- 
sequently have slower conduction velocities and higher thresholds (Eccles 
et al. 1958) and give smaller spikes when recorded in a nerve trunk (Granit 
et al. 1956, 1957). It is not known if this relative difference between the 
motor axons in the nerve trunks continues down to the fine terminal 
branches that make the actual contact with the muscle fibres at the motor 
end-plates, but in any case it seems inconceivable that it could provide the 
differentiating factor for muscle speed. Furthermore, it does not seem 


motoneurones respectively. Pharmacological investigations have revealed 
quantitative differences between the neuromuscular junctions to fast and 
slow muscles (Paton & Zaimis,. 1951; Zaimis, 1954; Jewell & Zaimis, 1954; 
Bowman & Zaimis, 1958), but these slight differences have not shaken the 


Before attempting to define more precisely the nature of the neural influences responsible 
for muscle speed, it is expedient to consider the possibilities that the influence is exerted 


because the sympathetic innervation of the hind-limb muscles would largely be intact in the 
experiments illustrated in Figs. 10, Il, where the cord section was at the second or third 
lumbar segment. However, a more crucial test would be provided by cross-union experi- 
ments on animals in which the sympathetic innervation of the hind limb had been eliminated 
by excision of the sympathetic trunk at the appropriate levels. ‘An influence of afferent 


the extrafusal fibres of muscle, which are responsible for all the tension developed in muscle 
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contraction (Kuffler, Hunt & Quilliam, 1951); and no histological changes occur in muscle 
fibres when the afferent innervation of muscle is degenerated (Tower, 1931). However, 
evidence for an influence of the afferent innervation is provided by the finding that after 
months of de-afferenttion the contraction of slow muscles was appreciably faster than on 
the control side, the fast muscles being unchanged (Buller e¢ al. 1960), which is a slight effect 
of the same kind as with spinal cord transection or isolation. It has been suggested (Buller 
et al. 1960) that de-afferentation produced this effect by diminishing the activity of the tonic 
motoneurones. A crucial investigation designed to exclude a direct action of afferent fibres on 
muscle would be to effect cross-unions on the nerves to muscles de-afferented by appropriate 
ganglionectomies, but this has not yet been done. 


When attempting a more critical evaluation of the evidence relating to 
neural influences and muscle differentiation, it emerges that a neural 
influence that slows muscle contraction has been indubitably established, 
whereas the evidence is less decisive for the existence of an opposite neural 
influence that quickens muscle contraction. For example, after transection 
or ‘isolation’ of the spinal cord in the young kitten, the differentiation of 
fast muscles did not appreciably differ from normal, whereas there was 
almost complete failure of the differentiation of slow muscles (Buller et al. 
1960).. However, when the isolated spinal cord operation was performed 
on older kittens (5 weeks), the fast muscles were appreciably slower at 
7-104 weeks of age (Fig. 11 A, oblique crosses), which suggests that there 
has been defection of a small quickening influence that is normally exerted 
by fast motoneurones on muscle. The cross-union experiments probably also 
provide evidence of a fast neural influence that accelerates the soleus 
muscle contraction, though conceivably this effect could be entirely due to 
the deprivation of the slow neural influence. Further investigation is 
required on the time course of the onset of changes in saat speeds after 
nerve cross-union. 

The changes that nerve cross-unions effect in muscle contraction times 
are much larger than can be accounted for by changes in conduction 
velocity and duration of impulses travelling along the muscle fibres from 
the motor end-plates. For example, the spike potentials of slow muscles 
are a little longer than those of fast muscles and their propagation velocity 
is a little slower; but a transformation of a fast muscle in these respects 
would account at most for a lengthening of contraction time by 3-4 msec 
(Eccles & O’Connor, 1939). Thus the muscle transformation must occur 
not only along the whole length of the muscle fibre, but it must also involve 
the actual contractile mechanism of each element. As yet there has been 
no histological investigation of the transformed muscles, but a question of 
great interest concerns the possibility of a transformation of ‘Fibrillin- 
struktur’ to ‘Felderstruktur’ and vice versa, in accordance with the 


characteristic fibre patterns described by Kriiger (1952) for fast and slow 
muscle. 
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The muscle transformations brought about by the nerve cross-unions 
have been assessed by three different measurements for the speed of muscle 
contraction, the rising time to the summit of a twitch, the half-relaxation 
time from that summit, and the stimulus interval for a repetitive stimu- 
lation that gives a tetanic contraction half way between the twitch and the 
maximum tetanic contraction. The similar results given by these three 
criteria indicate that there has been a fairly uniform transformation of all 
the fibres of a muscle. Since comparable changes have been observed with 
these three different measurements both after cross-union (Figs. 3, 6) and 
also with the normal processes of differentiation of slow and fast muscles 
(Buller et al. 1960, Figs. 3, 4, 6), it can be postulated that the differentiation 
of slow and fast muscles is brought about by changing the time course of 
the ‘active state’ developed in the muscles. Changes in such passive 
properties as the series-elastic component or in the viscosity of the muscle 
might cause considerable changes in the time course of a twitch, but not in 
the summation of tetanic responses at various frequencies. It would be 
difficult to apply the more precise tests for ‘active state’ that have been 
developed by Hill and his collaborators (Hill, 1949, 1953; Jewell & Wilkie, 
1958), but investigations of the type described by Macpherson (1953), by 
Macpherson & Wilkie (1954) and by Ritchie (1954) could be applied in an © 
attempt to provide quantitative measurements of the alterations that nerve 
cross-unions bring about in the durations of the ‘active state’. 

- It will be convenient now to employ a diagram (Fig. 13) in developing a ° 
specific chemical hypothesis of the neural influence exerted by nerve cells 
on muscle fibres. The postulated neural influence would be exerted by a 


specific chemical substance that courses along the motor nerve fibres, as — 


shown in Fig. 13, then traverses the neuromuscular junction and finally 
passes thence along the whole length of the muscle fibres, inducing therein 
changes that alter the speed of the muscle contraction. There is con- 
vincing experimental evidence for a neural influence emanating from tonic 
motoneurones and slowing muscle contraction. There also may be a dif- 
ferent influence emanating from fast motoneurones and quickening muscle 
contraction, but. the evidence for this is much less satisfactory. The hypo- 
thesis illustrated in Fig. 13 can account for the absence of neural influence 
by motoneurones in the ‘isolated’ and completely quiescent spinal cord 
(Figs. 10, 11A, B; ef. also Buller et al. 1960) in four different ways: the 
substance may not be produced in motoneurones or transported thereto in 
the absence of synaptic bombardment; it may not be able to travel down 
motor axons in the absence of impulses; it may not be able to cross 
quiescent neuromuscular junctions; the pumping action of muscle con- 
tractions may be required to propel the substance from the motor end-plate 
region along the whole length of the muscle fibres where it exerts its 
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transforming action. Experiments are being undertaken to test several of 
these alternatives. Presumably the mere transection of the spinal cord 
~ eauses a diminution of the neural influence (Figs. 11C, D, 12) by the relative 
depression of cord activity thereby induced. 


Path of neural influence 


Motoneurone 


| Motor axon 


Muscle fibre 


Fig. 13. Diagram to show postulated path for the flow of the slow (and fast) neural 
influences from the motoneurone down the motor axon and along the muscle fibre. 


Since muscles of full-grown cats were transformed just as effectively as 
those of kittens (Figs. 3, 5, 6), the neural influence must be continuously 
exerted by nerve cells throughout life. Thus we are introduced to a new 
concept, that of a continuously operating differentiating principle. 
Furthermore this principle is exerted by slow motoneurones to slow the 
contractions of muscles, so appropriately relating their responses to the 
slow frequencies of discharge of tonic motoneurones. It is therefore of 
significance in improving the efficiency of operation of tonic motor units. 
The question thus arises: Are influences of a comparable kind exerted more 
generally, so enhancing the efficiency of other functional connexions 
between cells, for example not only from neurone to muscle fibre, but also 
from neurone to neurone?! 
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Consideration should be given to the possible relationship of these neural 
influences on muscle contraction time to the ‘trophic’ influences which 
have been regarded as a separate phenomenon from the activation of 
muscle by nerve impulses (Tower, 1937 a, 6; 1939; Eccles, 1941a, b; Luco & 
Eyzaguirre, 1955). For example the supersensitivity to acetylcholine, the 
spontaneous fibrillation and certain histological changes occur when the 
motor nerve is severed, but not when muscle is simply deprived of nerve 
impulses. It has been found that the first two effects take longer to develop 
the more central the nerve section (Luco & Eyzaguirre, 1955), Consequently 
it has been postulated that there is some ‘trophic’ influence in the motor 
axon which slowly spreads along it with a speed at most of 2 mm/hr. 
Axelsson & Thesleff (1959) have shown that after denervation of mam- 


- malian muscles sensitization to acetylcholine develops uniformly along the 


whole length of the muscle fibres, there being no special change at the 
end-plate region. Apparently this ‘trophic’ influence of the motor axon 
operates to restrict the acetylcholine sensitivity to the end-plate region, an 
effect which is particularly well illustrated by the spreading sensitivity 
that develops only at the denervated end-plates on muscle fibres with 
multiple innervation (Miledi, 1959). Moreover, this action is independent 
of nerve impulses, for the sensitization does not occur in disused muscle. 
This trophic influence on the surface membrane of the muscle fibre is 


_ presumably distinct from the postulated fast and slow neural influences 


on the contractile mechanism of the muscle fibre. 


SUMMARY 


1. Nerve cross-union experiments have been employed in the cat hind 
limb in order to discover if motoneurones determine the speed of muscles, 


or if the effective influence is in the reverse direction. 


2. When a nerve from fast or phasic motoneurones has been made to 
innervate a slow muscle, the muscle is transformed to a fast muscle, even 
in the adult; likewise slow or tonic motoneurones convert fast muscles to 


glow. 


3. The transformation of muscle speed is shown not only by the time 


course of the rising and falling phases of the twitch contraction, but also 


by the summation of tetanic contractions at various frequencies. 
4. The slow or fast muscle with alien innervation has no detectable 
influence in the reverse direction, i.e. on the motoneurones. The conduction 
velocity of the motor axons and the time course of motoneural after- 
hyperpolarization are both unchanged. 
5. The muscle transformation falls short of a complete change to the 
slow or fast type. 
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6. Isolation of the lumbosacral spinal cord from all incoming impulses, 
with consequent silence of motoneurones, causes a failure of all trans- 
formation by cross-union. Mere transection of the spinal cord greatly 
reduces the transformation. 

7. It is concluded that the neural influence on muscle speed is not 
exerted by nerve impulses as such. It is postulated that a substance passes 
down the axons of slow motoneurones, crosses the neuromuscular junctions 
and traverses the muscle fibres, transforming them into slow contracting 
units and maintaining them so. Possibly there is also a substance from 
fast motoneurones that acts via a comparable pathway to accelerate 
muscle contraction. 
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EFFECT OF HYDRAZINE ON THE EXCITABLE MEMBRANE 
IN SODIUM-FREE MEDIA 
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Among the nitrogenous compounds which can replace sodium ions in 
maintaining electrical excitability, hydrazine seems to be the most 
favourable (Koketsu, Cerf & Nishi, 19596; Koketsu & Nishi, 1959). Since 
the action potential of frog spinal ganglion cells could be elicited in sodium- 
free sucrose solution by injecting hydrazine into the cell-body (Koketsu 
et al. 19596), it would appear that the intracellular hydrazine was re- 
sponsible for the maintenance of membrane excitability in sodium-free 
media. Consequently, the possibility that hydrazinium ions may be acting 
as charge carriers during active membrane depolarization was dismissed 
(Koketsu et al. 19596). The question was then raised as to whether the 
intracellular hydrazine was also responsible for the generation of a 
potentials in the case of frog skeletal muscle fibres. 

The present study was aimed primarily at investigating the mechanism 
of the action potentials of muscle fibres in a sodium-free hydrazine solu- 
tion. The results indicate that the external rather than the intracellular 
hydrazine is important for the generation of action potentials of skeletal 
muscle fibres. The discrepancy between the results obtained with spinal 
ganglion cells and muscle fibres led the authors to make confirmatory 
experiments on the effect of the intracellular hydrazine in ganglion cells. 


METHODS 


metre were performed mainly on sartorius muscles and spinal ganglion cells of 
frogs (Rana pipiens) at room temperature (24—26° C). The sodium-free sucrose solution used 
throughout consisted of (mm) sucrose 224, KHCO, 2, and CaCl, 1-8 (pH 6-8-7-0). The sodium- 
_ free hydrazine solution was prepared in exactly the same way as has been described i in a 


previous paper (Koketsu e¢ al. 19596). Sulphuric acid or nitric acid was sometimes “used . 


instead of hydrochloric acid for adjusting the pH of the hydrazine solution. In some experi- 
ments the hydrazinium or calcium ions were replaced by equimolar amounts of sucrose. 
Experimental arrangements for recording intracellular action potentials of muscle fibres 
and spinal ganglion cells were similar to those described in previous papers (Koketsu, 
Cerf & Nishi, 1959a; Koketsu & Nishi, 1959). The action potential of isolated single muscle 
fibres was recorded extracellularly by using a pair of large platinum electrodes. The tech- 
nique of intracellular injection of various nitrogenous compounds into the cell bodies was 
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similar to that described in previous papers (Koketsu et al. 1959a, b). In the case of muscle 
fibres, KCl-filled and hydrazine-filled micro-electrodes were used as recording and stimula- 
ting electrodes, respectively. After being tested for normal activity in Ringer’s solution, 
the muscles were soaked in sodium-free sucrose solution for 30 min and the spinal ganglia 
for 60 min in order to eliminate electrical activity, whereupon they were immersed in a 
sodium-free hydrazine solution. 


RESULTS 
Isolated single muscle fibre 
In this experiment single muscle fibres were isolated from M. iliofibularis. 
The electrical activity of isolated single muscle fibres was easily eliminated 
when they were soaked in sucrose solution for 5-10 min. It was promptly 
restored when the preparations were immersed in 80-112 mm hydrazine 
solutions (Fig. 1). | 
| Effects of external anions 
No appreciable difference in the value of the resting potentials of muscle 
fibres was observed between the various hydrazine solutions (80-112 mm) 
containing sulphate, nitrate or chloride ions. The time constant of the 
resting membrane increased when the chloride ions were replaced by 


either sulphate or nitrate ions. The electrical activity of muscle fibres 


was well maintained in hydrazine-nitrate and hydrazine-sulphate solu- _ 


_ tions, and no appreciable change in the configuration of the spike potentials 


was observed in these solutions in comparison to that in hydrazine-chloride 
solution (Fig. 2). | 


Effects of different concentrations of hydrazinium tons 

The resting and action potentials of muscle fibres soaked in 80-90 mm 
hydrazine solutions were described in a previous paper (Koketsu & Nishi, 
1959). In this study the concentration of hydrazine was changed and the 
relationship between the action potential and the external hydrazine 
concentration was studied. 

The resting potential of muscle fibres in a solution containing 80-90 mm 
hydrazine was 90 mV after immersion for 10-30 min, and gradually dropped 
to about 80 mV after 60-120 min (Koketsu & Nishi, 1959). These values 
were not appreciably altered by changing the concentration of hydrazine 
from 50 to 220 mm. When the hydrazine concentration was reduced to less 
than 50 mm the resting potential tended to fall. The value of the resting 


potential shown in Fig. 3 is an average of twenty fibres, which were first _ 
immersed in a 112 mm hydrazine solution for 30 min and then in a solution 
containing a given amount of hydrazine for another 30-60 min. The values 
of the electrical constant of the resting membrane in solutions containing 
50-220 mm hydrazine did not show appreciable deviations from those 
reported in a previous paper (Koketsu & Nishi, 1959). 
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When the muscles were immersed in a 112 mm hydrazine solution the 
electrical activity was restored within 1 min. If the amount of the in- 
tracellular hydrazine which diffused into the muscle plasma were an im- 
portant factor, dominating the electrical activity, the action potential 
could be affected by further immersion. No appreciable differences, how- 
ever, were found by comparing action potentials recorded immediately 
after, and between 90 and 120 min after, immsersion in a 112 mm hydrazine 


Fig. 1 Fig. 2 
Fig. 1. Action potentials recorded extracellularly from isolated single muscle 
fibres in Ringer’s solution (1), 10 min after soaking in sucrose solution (2), and 
_ (3) 5 min after immersion in 112mm hydrazine solution. Calibration, 5 mV; 
time marker, 1 msec. 


Fig. 2. Intracellular action potentials of muscle fibres recorded in 112mm 
hydrazine solution of which pH was adjusted with HNO, (1), H,SO, (2), and HCl 
(3). Calibration, 40 mV, time marker, 1 msec. 


solution. Figure 3 shows the relationship between the peak potential of 
spikes (active membrane potential) and the external concentration of 
hydrazine, This result was obtained from a muscle preparation which was 
first immersed in a 112 mm hydrazine solution for 30 min and then suc- 
cessively immersed in solutions containing 112, 70, 50 and 30 mm hydra- 
zine for 30-40 min, respectively. The active membrane potential decreased 
according to the decrease of the external hydrazine concentration; the 
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slope being practically identical with that obtained by the same experi- 
mental procedure with Ringer’s solution, where the external sodium 
concentration was altered. In both the sodium and hydrazine solutions 
the reduction of the concentration to one-tenth resulted in a decrease of 
the spike height of approximately 58 mV (the value of R7/F at room 
temperature). A similar relation was observed in muscle preparations which 
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Fig. 3. Relation between active membrane potential and external concentration of 
sodium and hydrazinium ions obtained from. two different preparations according to 
experimental procedure described in text. ©, average value of active membrane 
potential obtained from six different muscle fibres of a preparation. @, mean 
value of resting potential obtained from six different preparations soaked in 


hydrazine solutions (for details see text). Semi-log. scale. 


were directly immersed in various concentrations of hydrazine for 60- 
90 min without previous soaking in 112 mm hydrazine. These experimental 
results were in contrast with those obtained from spinal ganglion cells, 
where no appreciable change occurred in the potential height with varia- 
tion of the external hydrazine concentration (Koketsu ef al. 19596). 
Figure 4 shows the action potentials obtained in different concentrations 
of hydrazine. These records demonstrate that (1) the rate of rise of the 
action potential is apparently increased according to the increase of 


_ concentration and (2) the threshold for the initiation of the action potential 


and the negative after-potential increases as the external concentration 
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Effects of different concentrations of calcium ions 
The resting potential of muscle fibres fell slightly with a decrease of the 
external calcium concentration and increased slightly in raised concen- 
trations. The variation of the values observed in 80 mm hydrazine 
solutions containing 0-3-32 mm calcium ions was within +10mV. When 


Fig. 4. Intracellular action potentials of muscle fibres soaked in solutions co- 
taining various concentrations of hydrazine. 1—4 are records contributing to Fig. 3. 

_ obtained in 112, 70, 50, and 30 mm hydrazine, respectively. Record 5 is obtaine:| 
in hypertonic hydrazine solution (224 mm). Records 6 and 7 are conducted action 
potentials obtained in 224 and 90 mm hydrazine solutions, respectively (note rising 
phase, spike duration, and negative after-potential). The distance of recording an‘ 
stimulating micro-electrodes inserted into a single fibre was approximately 0-5 
(record 5), 1-0 (records 1-4), and 5 mm (records 6 and 7). Calibration, 40 mV. 
time marker, 1 msec. © 
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the calcium concentration was reduced to 0-3 mm or increased to 9 mm, 
there was only a slight decrease of the threshold in lower concentrations 


and a slight increase in higher concentrations. Action potentials of the 


ali-or-none type were no longer detectable when the calcium concentration 
was increased to 19 mm and most of the fibres then produced only small 


graded responses. 


Effect of withdrawal of calcium ions 
In frog spinal ganglion cells the excitability of cells was found to be 


eliminated when the calcium was completely withdrawn from the sodium- 
free chlorine, tetra-ethylammonium (TEA), or hydrazine solution. In 


the case of frog sartorius muscles the results were not as clear as those on 
spinal ganglion cells. When the muscle preparations, which were previously 
soaked in a sucrose solution for 30-120 min, were immersed in a Ca-free 
hydrazine solution, the value of the resting potentials of the individual 
fibres was found to vary. Some fibres had relatively high resting potential 
(70-80 mV), while other cells showed lower potentials (50-60 mV); the 
average value obtained from twenty-two fibres ofa preparation was 71 mV. 
None of these fibres twitched spontaneously, which was generally observed 
in Ca-free Ringer’s solution. The fibre having relatively high resting poten- 
tials (70-80 mV) produced action potentials, but many of them were of 
low or graded amplitude. The fibres with relatively low resting potentials 
(50-60 mV) did not produce action ———— although some of these 
gave graded responses. 

If the preparation was soaked previously in a calcium-free sucrose solu- 
tion for 30-60 min, all fibres had low resting potentials (40-60 mV) and 
completely lost their electrical activity in the Ca-free hydrazine solution. 
The excitability of these preparations, however, could be restored upon 


reimmersion in the hydrazine solution containing Ca. 


3 Intracellular wnjection 

Muscle. Attempts to produce action potentials of muscle fibres by 
means of intracellular injections of hydrazinium ions were unsuccessful. 
Repeated injections of hydrazinium, as well as of TEA, did not induce any 
sign of restoration of the electrical activity in the sucrose, choline, or TEA 
solutions. 

Spinal ganglion cell. The situation in spinal ganglion cells was quite 
different. Action potentials of cells soaked in sucrose solution were easily 
produced by intracellular injections of TEA (Koketsu ef al. 1959a), 
hydrazine (Koketsu et al. 19596), choline and acetylcholine. In every 
case local responses appeared initially and were followed by full spike 
potentials. The duration of these action a was gradually 
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prolonged by continuing the injections. Spontaneous activity, however, 
could not be observed even after repeated injections, indicating that these 
nitrogenous substances cannot “ern the membrane without electrical 
stimuli. 

It might be argued that the intracellularly injected substances might 
have diffused out across the membrane and in essence were acting extra- 
cellularly. In order to test this possibility, a KCl-filled electrode was in- 
serted into a cell and hydrazinium ions were applied electrophoretically on 
the immediate outside of this particular cell by positioning a hydrazine- 
filled electrode close to the membrane surface. This procedure yielded 
negative results. Repeated intracellular injections of sodium ions did not 
restore the excitability of cells immersed in sucrose solution. It is also 
worth while to note that intracellular injections of hydrazine did not 
restore the — of cells which were immersed in a Ca-free sucrose 
solution. 3 


After-effects of prolonged immersion 


Muscle. Crustacean muscle fibres maintained their electrical activity 
in sodium-free solutions after previous immersion in a solution of quater- 
nary ammonium ions (Fatt & Katz, 1953; Fatt & Ginsborg, 1958). This 
finding suggests that the ions which diffuse into the fibres during immersion 
are responsible for maintaining activity in sodium-free solutions. The same 
kind of experimental procedure was applied to the frog muscle to find 
whether it could maintain electrical activity in sodium-free sucrose 
solution after prolonged immersion in hydrazine solution. The electrical 
activity of the muscle was abolished within a minute when the prepara- 
tions were placed in sucrose solution after prolonged previous immersion 
(up to 20 hr at 2~-3° C) in a 112 mm hydrazine solution. The activity of 
these preparations was again restored within a minute by reimmersing in 
hydrazine solution, which suggests that the external hydrazine, rather than 
the internal, is important for the maintenance of electrical activity. 

Spinal ganglion cells. The excitability of spinal ganglion cells could not 
be maintained for an extended time in 80-112 mm hydrazine solutions; 
the resting potential tended to drop gradually and many of the cells lost 
their excitability when they were soaked in these solutions for more than 
approximately 2 hr. This made it difficult to test the after-effect of an 
extended soaking. The excitability of cells was usually eliminated within 
30-60 min in sucrose solution, but apparently maintained for a longer 


time than if they were previously soaked in a hydrazine solution for 1—2 hr 
(see Fig. 5). | 


Such an after-effect was more clearly demonstrated by using TEA 
solution. If the spinal ganglia were previously immersed in TEA | 
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solution for a certain period (4-20 hr.), the excitability of cells was well 
maintained and produced potentials for several hours in sucrose solution 
(see Fig. 5). 


Fig. 5. Intracellular action potentials of spinal ganglion cells soaked in sucrose 
solution after previous immersion in hydrazine (1) and TEA (2-4) solutions. 
Record 1 obtained 90 min after soaking in sucrose (2 hr previous immersion in 
112 mm hydrazine at room temperature). Record 2 obtained 2-5 hr after soaking in 
sucrose (4 hr previous immersion in 112 mm TEA at room temperature). Records 3 
and 4 obtained 30 min and 5hr after soaking in sucrose (20 hr previous im- 
mersion in 112 mm TEA at 2°C). Calibration, 40 mV, time marker, 1 msec. 
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DISCUSSION 


POOF ‘s the ionic hypothesis (Hodgkin, 1951), the action potential 
of nerve impulses is generated by the influx of the sodium ions which 
shifts the resting membrane potential toward the sodium equilibrium 
potential. It must be that trace amounts of sodium ions are retained 
in the intracellular space or immediately outside the membrane, even 
when the preparations are soaked in sodium-free solutions for an 
extended time. Thus, it might be argued that these sodium ions are still 
responsible for the production of action potentials in sodium-free media, 
This possibility, however, seems to be inconceivable, since, first, the action 
potentials produced in hydrazine solutions are too large to be explained 
in this way, secondly, the electrical activity of isolated single muscle 
fibres is maintained indefinitely in hydrazine solution, and finally, the 
electrical activity of the muscle is easily eliminated in sodium-free sucrose 
or choline solutions. 2 

If the excitatory process in hydrazine solution is essentially identical 
with that in normal Ringer’s solution, it would be expected that the hydra- 
zinium ions are acting exactly in the same manner as sodium ions. A sig- 
nificant relationship between the concentration of the external sodium ions 
and the spike height of the action potential has been found in various 
excitable tissues, which, supports the sodium hypothesis (Hodgkin & 
Katz, 1949; Nastuk & Hodgkin, 1950; Huxley & Stampfli, 1951). A simi- 
lar result was observed in muscle fibres immersed in hydrazine solution, 
although the spike height in hydrazine was smaller than that in sodium. 
Comparable results were obtained from frog nerve axons soaked in a guani- 
dinium solution (Liittgau, 1958). It may be possible to introduce a hypo- 
thesis involving such factors as the equilibrium potential, the permeability 
constant or even a pumping mechanism of hydrazinium ions to explain 


the role of hydrazine in the maintenance of membrane excitability. It also | 


seems feasible, however, to assume that hydrazinium ions are acting in a 
manner which cannot be explained by the sodium hypothesis. 
Entrance of hydrazinium ions could not be held responsible for active 


depolarization if intracellular injections of hydrazinium ions are necessary 


to produce action potentials in sucrose solution. In ganglion cells intra- 
cellular hydrazine appears to be essential for the restoration of electrical 
activity. The possibility that hydrazinium ions injected into the cell body 
diffuse out and act extracellularly may be eliminated for the following three 
reasons: (1) an external hydrazine concentration less than 80 mm could 
not produce full-spike potentials (Koketsu et al. 1959 b): (2) external 
application of hydrazinium ions immediately outside the membrane did 
not produce action potentials; and (3) action potentials were not produced 
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_ tained in a sodium-free hydrazine solution. 
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by intracellular sodium injections in sucrose solution. No explanation is 
available at this moment why no action potentials were produced by 
intracellular injections of hydrazinium ions into the muscle fibres. The 
results of the present experiments rather suggest that the externa! hydra- 
zinium ions are essential for the production of action potentials. Two 
possibilities may be considered: (1) hydrazinium ions are acting as 
charge carriers, probably like sodium ions, in the muscle but not in spinal 
ganglion cells; and (2) hydrazinium ions can exert their specific effect 
externally on the muscle membrane although internally on the cell 
membrane. | | 

There seems to be a reduction of the membrane resistance during the 
action potential in sodium-free solutions (Koketsu et al. 1959a). If the 
increase of conductance is due to an increased permeability of the mem- 
brane to certain kinds of ions, the active depolarization may be explained 
either by an increased influx of external cations or an efflux of internal 


anions. Calcium’ ions are among the external cations which must be 


considered in this case. Fatt & Ginsborg (1958) attempted to explain the 


_ electrical activity of muscle fibres of crayfish in sodium-free media on the 


basis that the substituted ammonium compounds increased the permea- 
bility of the active membrane to calcium ions. In the present experiment, 
however, no appreciable relationship was found between the amplitude, 
duration or maximum rate of rise of the action potentials and the calcium 
concentration in the hydrazine solution, suggesting that calcium is not 
acting as charge carrier for the generation of action potentials. A similar 
result was also observed in the nerve axon in sodium-free guanidinium ¢, 
solution (Liittgau, 1958). The presence of calcium ions, #owever, seems to 
be indispensable for the restoration of electrical activity in muscle fibres 
as well as in spinal ganglion cells (Koketsu e¢ al. 1959b) in sodium-free 
solutions. The importance of external calcium for the electrical activity in 
sodium-containing solutions has been reported for the squid giant axon 
(Frankenhauser & Hodgkin, 1957) and frog motor axon (Frankenhauser, 


_ 1957), but the mechanism of calcium action in the excitatory process is still 


obscure. 

_ An important question which remains is whether the excitatory process 
in sodium-free solutions is essentiaily identical with that in normal Ringer’s 
solution. It is conceivable that the various nitrogenous compounds sub- 
stituted for sodium exert some specific action on the tissues and produce 
action potentials whose mechanism is fundamentally different from’ the 


SUMMARY 
1. The electrical activity of isolated single muscle fibres can be main- 
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2. External chloride ions can be replaced by nitrate or sulphate ions 
for maintaining excitability of muscle fibres in a sodium-free hydrazine 
solution. 

3. Calcium ions are essential for maintaining excitability in a sodium- 
free hydrazine solution. They did not seem, however, to be acting as 
charge carriers during active membrane depolarization. 

4. The relationship between the active membrane potential and the 
external hydrazine concentration indicates that a reduction to one-tenth 
of the external hydrazine concentration results in approximately 58 mV 
decrease of the spike height. | 

5. Intracellular injections of hydrazine into the muscle fibres did not 
restore excitability. There was, however, strong experimental evidence 
indicating that the intracellularly injected hydrazine was responsible for 
maintaining the excitability of spinal ganglion cells. 7 

6. No experimental evidence for an essential role of intracellular hydra- 
zine was found in muscles. Results rather suggest that external application 
of hydrazine is important for the maintenance of muscle excitability. 


The authors wish to express their gratitude to Dr L. G. Abood for encouragement during 
this experiment and to Miss Y. Kimura for technical assistance and help in preparing the 
manuscript. This research was supported by the Institute of Neurological Diseases and 
Blindness, National Institute of Health Grant B-1650. 
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PENETRATION OF BROMOPHENOL BLUE FROM 
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INTO THE BRAIN TISSUE 
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From the National Institute for Medical Research, Mill Hill, 
London, N.W.7 


(Received 4 September 1959) 


In the present experiments the uptake of ‘a substance from the inside 
of the brain was studied by perfusing the cerebral ventricles with the dye 
bromophenol blue. Depth and intensity of its penetration into the brain 
tissue were observed with the naked eye, thus allowing a detailed study of 
the topography of its uptake. , 

In recent experiments on anaesthetized cats it was found that hista- 
mine perfused through the cerebral ventricles penetrated into the brain 
tissue surrounding the ventricles (Draskoci, Feldberg, Fleischhauer & 
Haranath, 1960). This uptake of histamine from the inside of the brain was 
not uniform. When samples of tissue removed from different parts of the 
ventricular wall were extracted and assayed for histamine, it was found 
that those parts of the wall which are formed by grey matter had taken 
up more histamine than those parts which_are formed by white matter. 
There were also differences in uptake between different regions of grey 
matter. Similar observations were made by Roth, Schoolar & Barlow 
(1959) with labelled acetazoleamide (Diamox) injected intravenously into 
cats. This inhibitor of carbonic anhydrase was found to be first secreted 
into the ventricular fluid, from which it passed more deeply into grey 
than into white matter bordering the ventricular cavities. 

The results obtained with histamine and acetazoleamide are at vari- 
ance with the current views about the passage of substances from the c.s.f. 
into the brain tissue, which is generally regarded as a diffuse process inde- 
pendent of structural differences of the brain. These views originate from 
Goldmann’s (1913) classical experiments with the acidic dye trypan blue 
which has also been used in much of the later work on the problem. Trypan 
_ blue penetrates very slowly into the brain tissue and there are no differences 
of penetration between different regions of the brain. A number of other 
acidic dyes as well as potassium ferrocyanide were found to behave 
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similarly. Spatz (1933) therefore concluded that with regard to the uptake 
of substances from the cerebrospinal fluid the brain behaves like a colloidal 
mass of homogeneous structure. Bakay (1956) arrived at somewhat simi- 
lar conclusions from experiments on the penetration of **P into brain tissue. 

In order to re-examine the problem we looked for a dye which would not 
pass the blood-brain barrier, but which would penetrate the brain tissue 
better than trypan blue. The acidic dye bromophenol blue seemed to 
fulfil these conditions. Millen & Hess (1958) showed that it did not pass 
the intact blood-brain barrier when injected intraperitoneally, but that at 
sites where the barrier was damaged it penetrated much faster and 
deeper into the brain tissue than did trypan blue. 


METHODS 


.The experiments were carried out on 10-12 month-old cats, weighing between 2-1 and 
2-8 kg. They were anaesthetized by an intraperitoneal injection of pentobarbitone sodium 
35 mg/kg. The treachea was cannulated and loose threads were placed round the exposed 
carotid arteries to facilitate their cannulation at the end of the experiment. 

The methods of perfusion of the cerebral ventricles from the lateral ventricle to the aque- 

_ duct, so as to exclude the fourth ventricle and the subarachnoidal space, are described 
elsewhere (Draskoci et al. 1960). Perfusion with a solution containing the dye bromophenol 
blue was begun after the ventricles had been perfused for 10-30 min with an artificial salt 

‘solution of a composition resembling that of cerebrospinal fluid. This solution, which was 
introduced by Merlis (1940), will be referred to as artificial c.s.f. Its composition is as follows: 
(g/l.) NaCl 8-1; KCl 0-25; CaCl, 0-14; MgCl, 0-11; NaHCO, 1-76; NaH,PO, 0-07; (NH,),CO 
0-13, and glucose 0-61. For the dye perfusion the sodium salt of bromophenol blue was 
added to this fluid. Unless otherwise stated, the rate of perfusion was 0-1 ml./min. In 
preliminary experiments it was shown that the sodium salt of bromophenol blue injected 
intravenously into cats did not pass the blood-brain barrier. 

Bromophenol blue was obtained commercially (British Drug Houses, Ltd) as the acid, in 
a powder form which is insoluble in water. Its molecular weight is 669-9. The water-soluble 
sodium salt was prepared by grinding the powder in a mortar with equimolecular amounts of 
n/10-NaOH, i.e. about 6 ml. for each 400 mg powder. The sodium salt of bromophenol blue 
has a blue-violet colour. It changed the pH of the artificial c.s.f. from about 8-6 to between 
8-2 and 7-8 when added to it in a concentration of 0-1—-0-2%. These concentrations, which 


_ were used for perfusion of the cerebral ventricles, refer to the concentration of acid and not — 


of the sodium salt. Both the solution of the sodium salt of bromophenol blue and the 
artificial c.s.f. were freshly prepared for each experiment. 

At the end of the perfusion the dye solution in the ventricular cavities was washed out 
by a short perfusion with artificial c.s.f. The head was then perfused from a cannulated 
carotid artery with saline solution followed by a solution of 10% formaldehyde. The fixation 
with formaldehyde had no influence on the depth and distribution of the staining. Unfixed 
brains, removed and investigated quickly after killing the animal by an overdose of pento- 
barbitone sodium, showed the same pattern of staining. 

Immediately after the formalin perfusion of the héad the brain was removed, frozen on 
a freezing microtome and cut either in a horizontal or in a nearly frontal plane. The frontal 
plane corresponded as closely as possible to the plane in Winkler & Potter’s (1914) atlas of the 
cat’s brain. In order to obtain permanent records of the dye penetration at different levels 
of the brain, a series of photographs was taken of the surface ofthe frozen brain at different 
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stages of the sectioning. The freezing and photographing of the brain was always carried out 
immediately after its removal in order to prevent any post-mortem diffusion, because when 
the brain was kept unfrozen in formalin a gradual diffusion of the dye into the surrounding 
fluid took place. Such diffusion could be reduced to a great extent, but not prevented, by 


keeping the unfrozen brain in liquid paraffin. 


RESULTS 


| 
When bromophenol blue was perfused from the left lateral ventricle 
to the aqueduct with the free end of the outflow cannula about 1 cm 
below the aqueduct, the right lateral ventricle was often less well perfused 
than the left; so that the wall of the left lateral ventricle became more 
intensely stained than that of the right ventricle, which was sometimes not 
stained at all. This uneven perfusion of the two lateral ventricles is attribu- 
ted to the slight suction exerted by the low outflow level, which prevented 
the perfusion fluid from entering the right lateral ventricle on its passage 
via the third ventricle to the aqueduct. The uneven perfusion could be 
greatly reduced and sometimes prevented when the free end of the out- 
flow cannula was kept only a few millimetres below the aqueduct, but with 
this arrangement there was the danger of leakage of small amounts of dye 


_ along the outside wall of the cannula. Such leakage of dye invariably 


occurred when the end of the aqueductal cannula was raised to the level of 
the aqueduct; in these experiments the membrane which forms the thin roof 
of the posterior end of the third ventriclesometimes became damaged or rup- 
tured, so that larger amounts of dye appeared in the subarachnoidal space. 

In most perfusion experiments the free end of the outflow cannula was 
at a level about 1 cm below the aqueduct and the penetration of the dye 
was examined in the walls of the third and left lateral ventricles only. 
In a few experiments both lateral ventricles were cannulated and alter- 


Ee nately perfused for periods of 20 min each. 


When a 0-2% solution of bromophenol blue was perfused through the 
cerebral cavities for 2 hr, the dye penetrated so deeply from the inside into 
the brain substance that some areas of the outside became stained. This 
staining was more intense when perfusion was maintained for 5 hr with 
a 0-1 % solution of the dye. Such an experiment is illustrated in PI. 1. 

Deep staining has occurred at the outside of the brain in four regions 
in which the ventricular cavities are separated from the surface by a rela- 
tively thin mass of nervous tissue: (1) The floor of the third ventricle is 
intensely stained, but the hypophysis has remained unstained (Pl. 1A). 
(2) The mammillary bodies are well stained, although not as intensely 
as the floor of the third ventricle; in picture A, the mammillary bodies 
cannot be seen as they are hidden under the hypophysis, but their staining 
is seen in the sagittal section at C. (3) Parts of the temporal lobe are well 
stained (Pl. 1A), because the dye has penetrated from the inferior horns 
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of the lateral ventricles to the outside of the brain. (4) Practically the whole 
surface of the olfactory lobe is intensely stained by the penetration of the 
dye from the olfactory recesses of the lateral ventricles (Pl. 1B, C). In 
addition, the septum pellucidum, the medial wall of the lateral ventricie, 
_is intensely stained, as is seen when the brain is cut in the mid line (PI. 1C). 

Apart from these regions no dye has reached the outside surface of the 
brain. As is shown in PI. 1, large areas of the ventral and medial surface 
and the whole lateral surfaces of the cerebral hemispheres are unstained. 
In these regions the surface of the brain is separated from the ventricular 
cavities by thick masses of white matter. 

The median section of the brain, shown in Pl. 1C, illustrates some addi- 
tional features of staining from the third ventricle and aqueduct. (1) The 
wall of the third ventricle is intensely stained and the dye has filled the 
cavity of the infundibulum, but it has not penetrated into the tiésue of 
the hypophysis. (2) The upper parts of the optic chiasma which form 
the anterior part of the floor of the third ventricle are slightly stained. 
(3) The dye has penetrated from all sides into the massa intermedia, which 
is a relatively large structure in cats; its centre stands out in the photo- 
graph as a light grey spot. In the freshly cut brain this region showed a 
light bluish colour which proved that some dye had penetrated through- 
out the massa, although its periphery was more intensely stained. (4) In 
contrast to the hypophysis the pineal body is intensely stained; it was 
elevated by placing a small piece of white paper behind it before taking the 
photograph. (5) The central grey matter around the aqueduct is well 
stained. This is shown in the anterior part of the mesencephalon, where 
the section passes slightly lateral to the lumen of the aqueduct. In the 
posterior part of the mesencephalon the section went through the lumen 
of the aqueduct, but the dark colour here is due to a blood clot which had 
formed at the tip of the cannula. There was no staining of the floor and 
walls of the fourth ventricle; the black area seen below the posterior part 
of the cerebellum is due to a blood clot. | 

Plate 2 shows the penetration of the dye from the ventricular cavities 
in four horizontal sections, the levels of which are indicated in Pl. 10. 
In this experiment perfusion was carried out with 0-2°{ bromophenol 
blue for 90 min at a rate of 0-2 ml./min. Each section is accompanied by a 
drawing, as the photographs do not bring out the shapes of the ventricular 
_ cavities. They were, however, discernible by slight contrast in the negative 
and could therefore be drawn when the negatives were projected on a 
larger screen. Use is made of these drawings in connexion with the photo- 
graphs when describing the penetration of dye as seen in the four sections. 

Section 1 illustrates the intense staining of the olfactory bulb from the 
olfactory recesses of the lateral ventricles. The difference Eeerenn the two 
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sides is due to the fact that the section was not cut exactly in the hori- 
zontal plane. 

From section 2 the following facts emerge: (1) The medial parts of the 
caudate nuclei are intensely stained. The dye has penetrated for about 
2:5 mm into the nuclei; only their lateral parts are unstained. (2) The 
fibres of the corpus callosum are stained but penetration is not as deep as 
into the caudate nuclei and the staining is less intense. The photograph 
shows clearly that the dye had not penetrated the whole thickness of the 
white matter of the corpus callosum, although it forms a layer of tissue 
thinner than the layer of the caudate nucleus which had been penetrated 
by the dye. (3) The septum pellucidum is intensely stained. The light 


_ greyish spot in its middle is formed by unstained or slightly stained fibres 


of the fornix. (4) The section passes through the massa intermedia which is 
intensely stained except in its centre. Here the tissue is only faintly stained. 
(5) The walls of the third ventricle anterior and posterior to the massa 
intermedia are intensely stained and in the anterior parts the staining of 
the thalamus is continuous with that of the caudate nucleus. (6) The walls 
of the inferior horns of the lateral ventricles are stained. The staining is 
more pronounced and penetration is deeper in the medial walls formed 
by the hippocampus than in the lateral wall, which consists mainly of white 
matter. These details were clearly seen in the fresh brain and are shown in. 
the drawing. They are not brought out in the print. Photographic evidence, 
however, for the differential staining of the walls of the lateral ventricle is 
given in PI. 3, figs. 1 and 2. 

Section 3 is cut a few millimetres more dorsal than section 2; it passes 
through the third ventricle above the massa intermedia. in the region of the 
epithalamus, then through the posterior commissure and finally through 


_ the anterior part of the aqueduct. The staining of the walls of the lateral 


ventricles is similar to that described for section 2, but the staining from 


| the third ventricle and the aqueduct shows in addition that the whole of 


the central grey matter is stained intensely, as are the walls of the third 
ventricle with the exception of its posterior part, which is formed by the 
posterior commissure. Here the staining is less intense. Penetration into 
the wall of the third ventricle is not quite as deep as into the tissue of the 
caudate nucleus. This difference was clearly seen in several, but not in all | 
experiments. 

Section 4 is cut dorsal to the third ventricle and passes through the 


central parts of the lateral ventricles into which the right and left hippo- 


campus protrude as large ovoid structures. The difference in their shape 
results from the fact that the section is slightly more dorsal on the left than 
on the right side. The section illustrates the intense staining of the super- 
ficial ‘parts of the hippocampus, which consist of the thin alveus, the 
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dendrites of the lamina zonalis and the cellular layer of Ammon’s horn. 
In comparison, those parts of the ventricular wall which consist pre- 
dominantly of myelinated fibres are stained less intensely. 

Plate 3, fig. 1 shows the penetration of dye in two frontal sections after 
perfusion of the cerebral cavities for 2 hr with 0-2°% bromophenol blue 
at a rate of 0-1 ml./min. The plane of section A lies a little posterior to that 
of B and passes through the distal ends of the pineal body and of the neural 
lobe of the hypophysis, whereas section B passes through the middle of 
these structures. Both sections show the intense staining of the pineal body 
and the absence of any stain in the neurohypophysis. Both sections show a 
sharp demarcation between the grey matter surrounding the aqueduct and 
the white matter. The central grey matter is stained intensely throughout 
its whole width; it is surrounded by a faintly stained zone of white matter 
which includes the posterior commissure. The staining of the medial wall 
of the lateral ventricles differs in the two sections, being continuous in A 
and interrupted in B. In section A the medial wall is formed entirely by 
the hippocampus and the whole wall is stained. In the more anterior 
section B part of the medial wall is formed by the white matter of the 
fimbria which emerges from the hippocampus. The fimbria is unstained: 
therefore the staining of the medial wall is interrupted. The staining of the 
lateral walls of the lateral ventricles shows that the dye has penetrated 
everywhere into the brain tissue, but that the penetration is deeper and 
more intense in the floor of the inferior horn where the wall is formed by 
the grey matter of the pyriform lobe. 

Plate 3, fig. 2, is the lower part of a frontal section from another experi- 
ment in which the cerebral cavities were also perfused for 2 hr at a rate of 
0-1 ml./min. In this experiment the dye has not entered the right lateral 
ventricle, but the staining from the left was more pronounced than in the 
experiment of fig. 1. From the floor of the left inferior horn the dye has 
penetrated through nearly the whole wall of the pyriform lobe and the 
hippocampus. Such deep penetration throughout almost the whole 
thickness of the pyriform lobe accounts for the outside staining of the 
temporal lobe, as is illustrated in Pl. 1. The plane of the section shown in 
Pl. 3, fig. 2 is slightly anterior to that of section B in Pl. 3, fig. 1; it passes 
through the mammillary bodies which are intensely stained. The cavity 
of the infundibulum below the mammillary bodies is filled with the dye 
and its walls are stained, but no dye has passed into the anterior lobe of the 
hypophysis, which is cut below the infundibulum. 

In a few experiments the cerebral cavities were perfused with 0-2 % a 
mophenol blue for 30 min to 1 hr. These shorter periods of perfusion were 
‘sufficient to allow the dye to penetrate deeply into the brain substance. 
but the intensity of the staining was less than in the experiments in which 
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perfusion was continued for longer periods. Plate 3, fig. 3 illustrates the 
staining obtained after perfusion during 30 min. The dye has penetrated 
the pineal body and the central grey matter which is stained throughout 
and the penetration here is already as intense as in the experiment of 
fig. 1 after perfusion for 2 hr, but the surrounding zone of faintly stained 
white matter is practically absent. The section passes through both lobes 
of the hypophysis. The anterior and the posterior lobes are unstained, 
although the infundibular cavity is filled with dye. 

No penetration of dye into the brain substance was seen when the per- 
fusion was started a few minutes after killing the cat by an overdose of 
pentobarbitone sodium. This is illustrated by the experiment of Pl. 3, 


; fig. 4, in which the cerebral ventricles were perfused with a 0-2 °% bromo- 


phenol blue solution, started 4 min after a lethal intravenous injection of 
pentobarbitone and continued for 2 hr. In the freshly cut brain the whole 
surface area of the ventricular cavities was blue, but the dye had not 
penetrated into the brain tissue. | 


DISCUSSION 


The present experiments show that bromophenol blue, when perfused 
through the cerebral ventricles of an anaesthetized cat for 4 hr or, longer, 
passes relatively deeply into the nervous tissue. This finding is in accord 
with the observations of Millen & Hess (1958) that, at sites where the 
blood-brain barrier was damaged, intraperitoneally injected bromo- 
phenol blue penetrates more readily into the brain substance than trypan 


blue. 


The passage of bromophenol blue is not merely a process of diffusion. 
The absence of penetration in experiments in which perfusion was started | 
a few minutes after the: cat was killed shows that vital processes are in- 
volved in the uptake of the dye. 

The penetration of bromophenol blue into the ventricular wall was found 


to vary in different regions, depending on structural differences of the wall 
and, like the results previously obtained with histamine and labelled 
-acetazoleamide, does not agree with the idea held by Spatz (1933) and 


Bakay (1956) of a diffuse penetration into the brain tissue independent of 
its structural differences. 

' With histamine it had been found that more is taken up by grey matter 
than by white, and more by the caudate nucleus than by the grey matter 
of the wall of the third ventricle (Draskoci et al. 1960). With acetazole- 
amide penetration from the ventricular cavities was most pronounced in 
the caudate nucleus, hypothalamus and portions of the hippocampus 
(Roth et al. 1959). The penetration of bromophenol blue into the ven- 


- tricular wall showed a somewhat similar pattern and many of the findings 
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can be accounted for by a more ready penetration into grey than into 
white matter. 


From the lateral ventricle the dye penetrated deeply into the grey tissue 


of the caudate nucleus, through the whole wall of the septum pellucidum 
and, from the inferior horn, through practically the whole pyriform lobe. 
There was also deep penetration. into the hippocampus but not as deep 
as into the tissue of the caudate nucleus. On the other hand, the dye 
penetrated for a much shorter distance into those parts of the wall which 
are formed by white matter, such as the corpus callosum, the fimbria and 
the whole lateral wall; in addition, the staining of the penetrated white 
matter was also less intense. On the assumption that the dye passes more 
readily into grey than into white matter, it is possible to explain why 
penetration into the hippocampus is less intense than into the caudate 
nucleus: the grey tissue of the hippocampus is covered by the alveus, a 
thin layer of white matter. 

From the third ventricle the dye penetrated deeply into the grey 
tissue of the hypothalamus and of the massa intermedia, whereas penetra- 
tion into the white tissue of the posterior commissure and of the chiasma 
was again comparatively slight. The finding that in several experiments 
penetration into the tissue of the hypothalamus was not as deep as into 
the tissue of the caudate nucleus is in accord with the previous experiments 
on the uptake of histamine. In these it was found that the caudate nucleus 
had. usually taken up more histamine than the hypothalamus. The dif- 
ferences may reflect the fact that a large number of myelinated nerve 
fibres is found in the wall of the third ventricle at a relatively short dis- 
tance from the ventricular surface so that the grey matter forms a thinner 
layer of tissue than the large mass of the caudate nucleus. 

From that part of the aqueduct which was included in the perfusion, the 
dye penetrated through the whole width of the central grey matter even 
when perfusion was continued for 30 min only; with longer periods of 
perfusion the dye penetrated also. into the white matter, which became 
faintly stained, but the sharp demarcation between the two structures 


remained conspicuous, emphasizing the difference of penetration between — 


grey and white matter. 

_ Both the hypophysis and the pineal body are structures in which the 
blood-brain barrier is relatively permeable (Wislocki & Leduc, 1952). It 
was therefore surprising that they behaved differently with regard to the 
uptake of bromophenol blue from the third ventricle, as was evidenced by 
the intense staining of the whole pineal body and the absence of penetra- 
tion of dye into the tissue of the hypophysis. 

The absence of any staining in the anterior lobe of the hypophysis is 
understandable, since this glandular tissue is connected with the brain 


q 
| 
tric 
| m: 
is 
of 
m 
th 
at 
L t 
Ww 
ec 
; 
ne 
| ft 
Of 

| 
t 

| : 


PENETRATION OF BROMOPHENOL BLUE INTO BRAIN 459 


by the portal vessels only and is nowhere in direct contact with the ven- 
tricular fluid. On the other hand, the posterior lobe which consists of 
many unmyelinated nerve fibres and specialized glial cells, the pituicytes, 
is in close. contact with the ventricular fluid: through the cavity 
of the infundibulum, which in cats extends deeply into this part of 
the hypophysis. Here, therefore, the barrier between c.s.f. and brain 
must have special properties. The barrier is somewhat similar to that at 
regions of white matter, but with this difference: at the neurohypophysis 
the barrier is impermeable to bromophenol blue, whereas at regions of 
white matter some penetration of dye occurs. 

_ The deep staining of the pineal body suggests a resemblance to the barrier 
at regions of grey matter. Yet the analogy may be misleading, since 
the pineal body consists mainly of neuroglial and parenchymal cells, 
which are not nerve cells, ne they are both derived nates the neuro- 
ectoderm. 

One factor which may influence the penetration of bromophenol. ies 
into the brain tissue is the structure of the ependyma, a layer of specialized 


- neuroglial cells which covers the whole surface of the cerebral ventricles, 
including that of the hypophysis and pineal body. It is unlikely that sub- 


stances taken up from the ventricular fluid can pass intercellularly between 
the ependymal cells, because the extracellular space between adjacent 
cells is only about 200 A wide. In addition, the apical parts of the cell 
membranes are thickened by terminal bars and there is elaborate indenta- 
tion and overlapping between adjacent cells (Fleischhauer, 1957). The 
passage of substances is therefore most likely transcellular, which accords 
with the view that the passage is an active process. 

It is reasonable to assume that regional differences in the oytolouy of 
the ependymal cells affect the penetration of the dye. Such differences 


have been shown to exist. An extensive study of the ependyma of the 


turtle’s brain revealed that each region of the ventricular wall is charac- 
terized by a special structure of its ependyma (Fleischhauer, 1957), and 
characteristic regional patterns have also been found in the ependymal 


“2, : structure of the ventricular walls of the cat (Fleischhauer, 1958, 1960). 


Regional differences in the cytology of the ependymal cells cannot be 
solely responsible for the observed differences of penetration. For instance, 
the sharp demarcation between the deep staining of the central grey matter 
and the faint staining of the surrounding white matter suggests that 
differences of penetration within the brain tissue are, to some extent at 
least, determined by inherent properties of the grey and white matter. 
The known cytological differences between the neuroglia of grey and white 
matter may be responsible for these differences. On this assumption the 


active process which allows the passage of dye through the ependyma as 
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well as into the brain tissue would essentially be a function of different 
forms of neuroglial cells. 

The present experiments are confined to bromophenol blue, but since 
the uptake of histamine and of acetazoleamide appears to be similar, a 
common pattern emerges for the penetration of substances from the 
ventricular cavities into the ventricular walls. The fact that these different 

_ substances penetrate relatively large distances of grey matter and that 
bromophenol blue crosses the whole wall in some regions of the brain, 
brings to mind a favourite idea of the Swiss neurologist von Monakow 
(1921), who believed that the c.s.f. may pass from the ventricles through 
the whole mass of the brain and, on its way, convey a number of hormonal 
substances to nuclear regions. Von Monakow’s views find support in the 
comparative histology of the cerebral ventricles and particularly in the 
fact that in lower vertebrates long processes originate from the ependymal 
cells and pass perpendicularly throughout the whole wall of the brain, 

_ sending off numerous branchings before terminating in the external 

_ limiting membrane. The results of the present experiments with bromo- 
phenol blue are in accord with von Monakow’s views, at least in so far 
as they show that a relatively large molecule, which does not pass from 

the blood stream into the brain tissue, can penetrate deeply into 
nuclear regions from the ventricular cavities. This mode of entry into 
the brain tissue is of physiological and pharmacological interest, par- 
ticularly for substances which, like *P (Bakay, 1956) and acetazole- 
amide (Roth et al. 1959), pass the blood-brain barrier very slowly, but 
are quickly secreted into the ventricular fluid. 


SUMMARY 


In anaesthetized cats the cerebral ventricles were perfused from a can- 
nulated lateral ventricle to the middle of the aqueduct with a 0-1 or 0-2 °% 
solution of the acidic dye bromophenol blue. Its penetration into the 
ventricular walls after perfusion for 30 min or longer was studied with 
the naked eye in the whole brain and during anchioning of the formalin- 
fixed frozen brain. 

1. Deep penetration and intense staining occurs in those regions of the 
ventricular wall which consist mainly of grey matter, such as the caudate 
nucleus, septum pellucidum, pytiform lobe, hippocampus, hypothalamus 
and the central grey matter. 

2. In contrast, the dye penetrates a short distance only, and staining 
is less intense, in those regions of the ventricular walls which consist of 


_ callosum, the optic chiasma and the posterior commissure. , 


white matter, such as the lateral walls of the lateral, v ventricles, the corpus 
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3. In regions in which the surface of the brain is separated from the 
ventricular cavities by a relatively thin mass of nervous tissue consisting 
mainly of grey matter, the dye penetrates to the outside of the brain and 
stains its surface. These regions are the floor of the third ventricle, the 
mammillary bodies and parts of the temporal lobe. 

4. The hypophysis and the pineal body behave differently with regard 
to the uptake of bromophenol blue from the third ventricle. No dye 
penetrates into the tissue of the anterior and posterior lobes of the hypo- 
physis, whereas the pineal body is intensely stained. 

5. The uptake of bromophenol blue by brain tissue is an active process 
and does not occur when perfusion of the cerebral ventricles with the dye is 
carried out after killing the cat. 

6. In the discussion it is suggested that the differences in dye uptake 
by the various regions of the brain may result from differences in their 


_neuroglia. 
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EXPLANATION OF PLATES 
PLATE 1 


Appearance of cat’s brain after 5 hr perfusion of the lateral and third ventricles with 0-1 % 
bromophenol blue. A, ventral surface; B, lateral surface; C, medial surface. The brain is 
cut near the mid line and a small piece of white paper is placed behind the pineal body. 
The planes 1, 2, 3 and 4, refer to the horizontal sections shown in PI. 2. 


PLATE 2 


Four horizontal sections of cat’s brain after 2 hr perfusion of the lateral and third ventricles 
with 0-2 % bromophenol blue. The planes of the sections are indicated in Pl. 1C. The draw- 
ings on the right were made from the negatives to show the outlines of the ventricles and the 
depth of dye penetration. The black spot in the left frontal lobe of section 4 is made by the 
blood-stained track of the intraventricular cannula. AQ, aqueduct; CC, corpus callosum; 
CN caudate nucleus; Fi, fimbria; Hi, hippocampus; LV lateral ventricle; MI, massa inter- 
media; PC, posterior commissure; OR, olfactory recess of lateral ventricle; SP, septum 
pellucidum ; ITT, third ventricle. 
PLATE 3 


Fig. 1. Two coronal sections (A more posterior than B) of cat’s brain after 2 hr. perfusion of 
the lateral and third ventricles with 0-2 % bromophenol blue. The arrow in B points to the 
fimbria. 

Fig. 2.. Lower part of a coronal section of cat’s brain after 2 hr Sees of the lateral and 
third ventricles with 0- 2% bromophenol blue. No dye had entered the right lateral ventricle. 

P, pyriform lobe. 

Fig. 3. Coronal section of left half of cat’s brain after 30 min perfusion of the lateral and 
third ventricles with 0-2 % bromophenol blue. 

Fig. 4. Coronal section of cat’s brain after 2 hr perfusion of the lateral and third ventricles 
with 0-2% bromophenol blue. Perfusion was started 4 min after a lethal intravenous in- 
jection of sodium. 
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REFLEX ACTIVATION OF INTERCOSTAL NERVES AND 
TRUNK MUSCLES BY NON-MYELINATED FIBRES OF 
THE SPLANCHNIC NERVE IN RABBITS 


By ANN M. ALDERSON anp C. B. B. DOWNMAN 
From the Royal Free Hospital School of Medicine, London, W.C.1 


(Received 18 September 1959) 


Kugelberg (1948) has reported a double reflex discharge into leg flexors 
as a feature of the pathological flexion reflex in man. Using differential 
blocking agents, such as asphyxia or procaine upon the sensory nerve, he 
produced evidence that the early and the late responses of muscle could 
be related to afferent volleys in A and C fibres, respectively. Conduction 
velocity of the slow afferent volley was of the order of 1 m/sec. Ashby 
(1949) also has reported cases in which a delayed withdrawal reflex of 
the legs is associated with the delayed pain sensation. The delay in the two 
responses indicated that the afferent volleys were in fibres of slow 
conduction. 

Earlier workers have reported that afferent C fibres can evoke skeletal 
muscle reflexes as well as other responses in experimental animals. Ranson 
& Billingsley (1916) showed that cutting the lateral division of the dorsal 
root, carrying the non-myelinated fibres, in cats, abolished the changes in 
B.P. and breathing and the struggling which resulted from dorsal root 
stimulation. Clark, Hughes & Gasser (1935) correlated reflex changes in 
breathing and B.P. with C-fibre activity in the cat saphenous nerve which 
continued after blocking myelinated fibres by compression or asphyxia. 
Bishop & Heinbecker (1935a) also found that nonmyelinated afferent 
fibres could evoke breathing, B.P. and pupil responses and also skeletal 
muscle movements in cats, dogs and rabbits. These responses were recorded 
after blocking all but the C fibres with a burst of faradic shocks to the 
sensory nerve, and were seen most regularly in animals under Dial 
(allobarbitone ; Ciba) anaesthesia. In their one experiment using the splan- 
chnic nerve as the afferent pathway in a dog they failed to elicit any re- 
sponses. There are many reports of skeletal muscle reflexes set up by 
afferent volleys in the splanchnic nerves (see Downman, 1955) and these 
have usually been related only to the activation of small myelinated 
fibres. Tower (1933) noted that the slower afferent impulses in sympathetic 
nerves evoked limb movements in decerebrated frogs, but could not relate 
' these movements to any particular fibre group. 


30-3 


1 
j 


464 ANN M. ALDERSON AND C. B. B. DOWNMAN 


In this paper an account is given of a double reflex discharge into skeletal 
muscle in response to an afferent splanchnic volley. Evidence is presented 
that the second reflex discharge is set up by the slowly vena uenone volley 
in the non-myelinated afferent fibres. 


METHODS 


Adult rabbits were anaesthetized or decerebrated. Anaesthesia was induced with Dial 
(allobarbitone ; Ciba) 1-0 ml./kg body wt. 1.v., and maintained with small repeated doses. For 
decerebration anaesthesia was induced either with ether inhalation, or with thiopentone 
sodium (Intraval; May & Baker) 1-0 ml. of 5% solution intravenously. After tying both 
common carotid arteries, the brain above the intercollicular level was removed by suction 
through a trephine opening in the skull. Bleeding was reduced by injecting hexamethonium 
iodide (Hexathide; Allen & Hanbury) 1-0 mg intravenously before opening the skull, 
coupled with pressure on the vertebral arteries under the wings of the atlas if needed. The 
basilar artery or circle of Willis was clipped as it was drawn up into the sucker. In all cases 
the trachea was cannulated as soon as the animal was anesthetized. 

Intercostal nerves, one or more of the 9th to 12th of the left side, were dissected clear from 
between the intercostal muscles. The nerves were cut near the origin of serratus ventralis 
muscle and a small cotton loop was tied on the central crushed end. The left splanchnic 
nerve was exposed through a cut in the left flank and freed in its length retroperitoneally 
from coeliac ganglion to diaphragm. After cutting across the ganglion a small cotton loop 
was tied on the central crushed end. The left sympathetic chain was exposed retropleurally 
in the chest at the level of the 7th or 8th rib, after removing the head and a part of the shaft 
of the rib. The chain was cut and freed caudally for about 1 em, tying a cotton loop on the 
crushed upper end of the caudal portion of chain. 

For stimulating or recording from nerves, stainless-steel wire electrodes were used. 
One wire was hooked and the nerve was held on it by the cotton loop wetted with 0:9 % 
saline, while the other wire touched the nerve a suitable distance away. In this way the 
splanchnic and an intercostal nerve could be stimulated, and nerve volleys could be recorded 
off the thoracic sympathetic chain and off an intercostal nerve. Action potentials of trunk 
muscles were recorded through concentric needle electrodes or by two-wire stainless-steel 
electrodes with the wires touching the surface of the exposed muscle (Fig. 1). The tissues 
were kept warm and moist by pulling up the skin edges to contain'a pool of warm paraffin oil. 

Nerve and muscle action potentials were recorded through a.c.-coupled amplifiers 
feeding into a twin-beam oscilloscope unit. Nerves were stimulated with square voltage 
pulses synchronized with the oscilloscope time base, by means of an isolating transformer — 
coupling. 


RESULTS 


Single shock stimulation of the central cut end of the splanchnic nerve 
may evoke a double discharge into lower intercostal and upper lumbar 
nerves. These two discharges are each prolonged and asynchronous, and 
are distinguished by their latencies, the second or late reflex having a total 
latency of the order of 60-80 msec (Fig. 2). Of the centrifugal impulses 
in the intercostal nerves certainly some go to trunk muscles. Early and late 
responses can be seen in the electromyogram (e.m.g.) of exposed muscles, 
such as the latissimus dorsi, external and internal obliques and trans- 

versus, the intercostals and the cutaneus maximus muscle. 
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The double response has been seen following single centripetal volleys 
in the splanchnic nerve of decerebrated and Dial-anaesthetized rabbits. 
It is not a feature of single centripetal volleys in an adjacent intercostal 
nerve, this producing only a single short-latency response. 

Mutual independence of the responses. The late reflex was recorded as an 
efferent volley in an intercostal nerve when the decerebrated rabbit was 
paralysed by tubocurarine 1 mg/kg body weight 1.v. It was also seen as a 
very localized response of muscle when anaesthesia was deep enough to 
block all but a trace of reflex activity in trunk muscles, and there was no 


_ apparent movement of the animal. In some preparations the late reflex 


(1) 
100 ¢/s 
T9 
T10 
T11 
T12 
100 c/s 
(3) 
Splanchnic 
Fig. 1 Fig. 2 


Fig 1. Diagram of experimental arrangements. Stimulating electrodes on central 
cut ends of splanchnic and 12th intercostal nerves. Recording electrodes on central 
cut end of 11th intercostal for recording reflex discharges, on rostral cut end 
of caudal portion of severed thoracic sympathetic chain for recording sample of 
centripetal splanchnic volley as chain electroneurogram, and on exposed trunk 
muscles for e.m.g. 


Fig. 2. (1) Double discharge recorded off intercostal nerve after single-shock stimu- 
lation of splanchnic nerve. (2) Double response of m. ext. obliquus recorded 
as 12 superimposed records, electrodes touching exposed muscle about 1-5 cm 
apart. (3) Motor unit e.m.g. recorded by wire electrodes close together on surface 
of m. ext. obliquus, firing during early and late reflex. Stimulus artifact in line of 
arrow. 
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response was seen without the first, while in others a good early reflex 
alone was seen. In nerve-blocking experiments (see below) the early reflex 
was lost yet: the late reflex remained: There was no predictable relationship 
between the sizes of the early and late reflexes. It is clear that the late 
response can occur independently of the early response and is not a conse- 
sequence of some event, e.g. muscle movements, initiated by the early 
response. When the early reflex is absent, the late reflex may be mistaken 
for it unless the long latency is noted or the early reflex is brought up by 
post-tetanic potentiation (p. 471). 

Spinal reflex nature of the responses. The discharge into the intercostal 
nerves and trunk muscles could conceivably be dependent upon some path- 
way lying outside the spinal cord, connecting splanchnic and sympathetic 
afferents to the somatic pathways. To check this, in an anaesthetized rabbit 
the left sympathetic chain was cut above T8 ganglion and dorsal roots 
T8 to T12 inclusive exposed by wide laminectomy. After confirming 
the presence of the double reflex, the dorsal roots were cut. The double 
response was completely absent although the upcoming volley in the 
sympathetic chain was unchanged. | 

The two responses are both mediated by arcs complete within the spinal 
cord. They have been recorded after spinal transections at C1 and at T1 
levels. It was noted that in the decerebrated rabbit the spinal transection 
was usually followed by a decrease in the size of the reflexes, in contrast to 
the cat in which under similar circumstances there is an increase in size 
and lowering of threshold of the reflex (Downman, 1955). 

Latency of e.m.g. unit activity. By carefully adjusting the recording 
electrodes on the muscle, single unit action potentials could be recorded, 
recognized by their constant form, size and duration. The same unit fired 
during both reflex responses. At the same site in the muscle or in other 
muscles units could be found which fired during only one or other of the 
reflexes. In one experiment a series of 165 consecutive records on maximal 
_ splanchnic stimulation were photographed, and a histogram constructed 
relating latencies to number of firings at that latency (Fig. 3). The resultant 
plot shows the wide fluctuations in latency of a unit firing during both 
responses. 

Pattern of ascending splanchnic volley. The single shock to the splanchnic 
nerve sets up a volley which ascends the sympathetic chain and can be 
recorded off the cut end of the chain at T7 or T8 level. This volley consists 
of orthodromically-conducted impulses in afferent paths and anti- 
dromically-conducted impulses in motor paths. The volley seen in the rabbit 
chain is distinguished by the small A-fibre component, with a large B-fibre 
component. Well separated from the B volley is a large C-fibre volley 
(Fig. 4). This last wave may be markedly diphasic, even when the other 
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waves are monophasic, unless the cut end of the chain has been crushed 
many times or treated with a drop of 10%, cocaine HCl solution. The 
volley as it is recorded off the chain in the rabbit differs from that seen in 
the cat, particularly in the larger size of the recorded C volley. The rabbit 
splanchnic nerve and sympathetic chain have very few large myelinated 


Number of responses 


0 20 40 60 80 100 
Latency (msec) 
Fig..3. Histogram of firing of motor unit of m. ext. obliquus in response to 
165 consecutive stimulations of splanchnic nerve. Number of responses within each 
5 msec period plotted against their latency in msec. 7 


Fig. 4. Recording from cut end of thoracic sympathetic chain of volley set up 
by maximal shock to splanchnic nerve. Isolated preparation, suspended in warm 
oxygenated paraffin oil, 37-5° C; stimulus at arrow; conduction distance 28 mm. 


fibres (Bishop & Heinbecker, 1930; Simpson & Young, 1945), and in the 
fine nerve strand the C-volley is well recorded. There is much evidence 
that splanchnic afferent fibres do enter dorsal roots; also that dorsal roots 
do contain C fibres (Ranson & Billingsley, 1916; Erlanger & Gasser, 1930; 
Gasser, 1950, 1955). It was noted that the splanchnic-to-chain volley 
recorded ascending had the same form as the chain-to-splanchnic volley 
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recorded descending, showing that there was no significant number of 
ganglionic relays in the pathway used. Also the ascending splanchnic- 

chain volley was of the same form and relative sizes at T'7 and at T13 level, 
indicating that the sample of the volley recorded off the chain is com- 
parable to that recorded lower down and containing the dorsal root entrant 
component. It is assumed that the recorded volley is a representative 
sample of the orthodromic afferent volley which enters the dorsal roots 
through the still connected white rami and spinal roots. Erlanger & Gasser 
(1930) have recorded C-fibre volleys in lumbosacral dorsal roots on stimu- 
lating leg nerves. However, in the present experiments, attempts to 
_ record the input volley in dorsal rootlets themselves have failed because 
the spontaneous background discharge completely swamps any trace 
of a synchronous volley in the few splanchnic afferents to be found in any 
one root. The splanchnic volley was recorded off a white ramus communi- 
cans connecting chain and spinal roots at T9 level. The volley components 
are the same though the C volley was smaller and more asynchronous. 
The evidence which is presented below can, however, best be explained on 
the assumption that the effective afferent volley is represented by the 
recorded sample. 


Correlation between reflex discharges and splanchnic volley pattern 


By recording the reflex discharges and the splanchnic volley at the same 
time, the two discharges can each be related to the different volleys in the 
electroneurogram. The following results have been recorded. 

Threshold differences. The early reflex discharge is evoked by a stimulus 
which activates the myelinated fibres, A and B, yet is below the C thres- 
hold. Increasing stimulus voltage and/or duration elicited both a C volley 
in the chain and a late reflex discharge, these two responses reaching a 
maximum together. In some animals the threshold of this reflex was the 
same as the threshold of the C volley, with the duration of stimulus 
(0-5 msec) used. In other animals the threshold of C fibres was lower, and 
some C-fibre activity appeared below the stimulus maximum of the B 
volley. In these cases the early reflex and AB volleys had reached maxi- 
mum before the advent of the late reflex (Fig. 5). 

Differential block by ‘gating’. By using the ‘gating’ method described 
by Kuffler & Vaughan Williams (1953) the myelinated volleys could be 
blocked. For this the stimulus anode was placed proximally on the 
_ splanchnic nerve, and interelectrode distance (approx. 8 mm), stimulus 
voltage and duration were adjusted until the faster volleys were blocked 
at the anode but the slower C volley passed, the volley being monitored 
as a chain electroneurogram. Effective block of the myelinated fibres was 
accompanied by loss of the early reflex, but the late reflex remained. 
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Differential block by induction coil shocks. The myelinated fibres could 
be differentially blocked by the method of Bishop & Heinbecker (1935a). 
A brief burst of shocks (<1 sec duration) from an induction coil at 
approximately 40/sec was applied through a second pair of electrodes 
touching the exposed splanchnic nerve proximal to the stimulating pair. 


100 c/s 


Fig. 5. Effect of increasing strength of stimulus applied to the central cut end of 
splanchnic nerve. Reflexes recorded as muscle activity ; stimulus = square voltage 
pulse, 0-5 msec duration. Each pair of traces shows: top line, e.m.g. of m. ext. obli- 
quus, bottom line, thoracic sympathetic chain electroneurogram. Trace 1 shows 
only small fast-fibre volley in chain. Traces 2, 3, show increasing size of AB wave 
with increase of early reflex. Traces 4, 5 show onset of late reflex at higher threshold, 
and its increase in size to maximum with maximum C volley in trace 6, It is 
notable that some C activity is evident even at low threshold of stimulus, trace 2 
onwards. 


A suitable strength and duration of the burst was found by gradually 
approximating the primary and secondary coils, until the stimulating 
action of the burst was followed by a block of conduction of the myelinated 
fibres for many minutes, but the C volley remained unchanged (Fig. 6). 
The early reflex was lost but the late reflex remained. 

lignocaine block. Placing a small drop about 1 mm diameter, of 
lignocaine HCl 0-1°% in 0-9° NaCl solution upon the splanchnic nerve 
proximal to the stimulating electrodes sometimes blocked the C volley | 
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without appreciably reducing the AB volley. This was accompanied by 
loss of the late reflex, with retention of the early reflex. 

Conduction velocity of reflexogenic afferents. In these experiments the 
stimulating electrodes were moved a measured distance along the splanch- 
nic nerve, thereby varying afferent conduction time. A reflex response 
set up by slower conducting afferents will show a greater change in 
latency than one set up by faster afferents. It was found that the latency 
of the late reflex response changed more than that of the early reflex. 


100 c/s 100 </s 


Fig. 6. Effect of short bursts ( < 1 sec) of induction coil shocks applied on splanch- 
nic nerve proximal to stimulating electrode. Each oscilloscope trace shows: top 
line, sympathetic chain electroneurogram showing splanchnic volley sample ; bottom 
line, reflex discharges into llth intercostal nerve. Arrow indicates maximal 
splanchnic stimulus. Time markers 100 cycles. Trace 1, initial responses. Trace 2, 
effect of burst of induction shocks which did not block myelinated fibres; potentia- 
tion of both early and late reflexes. Trace 3, as trace 2, to act as control for 

_ trace 4. Trace 4, taken after applying induction-coil shocks in a burst long enough 
and strong enough to block myelinated fibre volleys. 


In a particular experiment (Fig. 7), moving the stimulating electrode 
12-0 mm altered late reflex latency by 9-0 msec. This showed that the 
fastest reflexogenic afferents evoking the late reflex conducted at 1-3 m/sec. 
In another experiment the figure was 1-0 m/sec. This places the fibres 
within the conduction velocity range of the non-myelinated fibres. 
During all experiments it was noted that the late reflex was never seen 
without a C volley in the chain record. However, a C volley might be 
recorded in the chain without an accompanying late reflex. Presumably 
this depended upon the conductivity of the spinal reflex arcs. _ 
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Fig. 7. Result of moving stimulating electrode 12 mm along splanchnic nerve. 
Each pair of oscilloscope traces shows above (retouched) e.m.g. of m. cutaneus 
maximus; below, splanchnic volley recorded in thoracic sympathetic chain. 
Arrows indicate splanchnic stimulus. 


Facilitation of the reflex responses 

Post-tetanic potentiation. Repeated stimulation of the splanchnic nerve 
was followed by increase of both early and later reflexes. It was, seen, for 
example, after short bursts of induction coil shocks (at 45/sec for < 1 sec) 
which stimulated, yet failed to produce block of the fibres (Fig. 6). This 
effect is not due to peripheral phenomena. Although Brown & Holmes 
(1956) have described post-tetanic enhancement of the C volley in sym- 
pathetic paths, it was not seen in the chain electroneurogram, although 
the majority of the fibres conducted at under 1-1 m/sec. When the C volley 
was altered it showed a small increase in latency with small decrease in 
height. In separate tests for post-tetanic enhancement, 1000 stimuli at 
50/see were given to splanchnic-chain preparations without increase of 
volley height. This was true both of the chain in the living animal, and of 
the chain isolated and suspended in warm oxygenated Ringer—Locke 
solution. In these tests the length of pathway used (60-80 mm) was 
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adequate for the demonstration of enhancement, according to Ritchie & 
Straub (1956). The method used was adequate, since enhancement was 
shown by rabbit hypogastric nerve under similar conditions. 
Splanchnic-intercostal facilitation. In the cat-it has been shown that 
afferent volleys in a splanchnic or an intercostal nerve may each evoke 
reflexes in another intercostal nerve. Two-volley tests have shown that 
a splanchnic afferent volley can facilitate or inhibit the reflex response set 
up by a subsequent intercostal afferent volley. The interaction seen 
depends on the central neurological status of the preparation (Downman, 
1955; Downman & Hussain, 1958). Such interactions are also seen in 
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Fig. 8. Facilitation of i tally-evoked test reflex response by prior con- 
ditioning splanchnic stimulation. eine recorded off 10th intercostal nerve, 
stimulation of 11th intercostal nerve and splanchnic. Conditioned intercostal 
reflex discharge, measured as height of recorded volley, is expressed as percentage of 
unconditioned intercostally-evoked reflex. Range of control unconditioned 
responses shown by histogram on right, each spot representing a reflex, the in- 
terrupted horizontal lines indicating maximum variation of controls. Splanchnic- 
intercostal stimulus intervals in msec by which splanchnic precedes intercostal 
stimulus. 


the rabbit. The maximum centripetal splanchnic volley provokes two 
phases of increased excitability in the spinal arcs. These were defined by a 
testing intercostally-evoked reflex which was elicited at various intervals 
after the splanchnic-evoked reflexes. Height of the test reflex was plotted, 
expressed as a percentage of the height of the unconditioned test reflex, 
against stimulus intervals. The plot shows two peaks, corresponding to 
the early and late reflex discharges set up by the splanchnic volley (Fig. 8). 
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The second phase of facilitation may last beyond the peak of the late 
reflex discharge. This may be related to the prolonged after-discharge of 
the motoneurones, which may last up to 500 msec for a maximal splanchnic 
stimulus (Fig. 9). 


Fig. 9. Repetitive firing of motor units in response to single maximal shock: to 
splanchnic afferent fibres, m. ext. obliquus (retouched), 


DISCUSSION 


The double reflex discharge which has been recorded in rabbits from 
thoracic motoneurones after single shock stimulation of the splanchnic 
nerve seems to be a feature of splanchnic-evoked reflexes only. Centri- 


petal volleys reaching the same motor nuclei along intercostal nerves 
~ provoke only a short-latency discharge. The splanchnic-evoked double 


reflex may represent an unusual firing pattern of the motor nuclei, because 
it is most unlikely that they will in normal circumstances ever be bom- 
barded by such synchronized splanchnic volleys. It was considered, 
however, that investigation of the response pattern could throw light upon 
the properties of central and peripheral splanchnic pathways. 

It is notable that the volley set up in the rabbit splanchnic nerve by a 


_ single maximal shock shows a C fibre wave which is very large when one 


compares the relative sizes of A, B and C volleys. It is relatively much 
larger than in the cat splanchnic-chain preparation under similar recording 
circumstances. 
Bernhard (1945) has reported that multiple efferent discharges in 
response to single shock stimulating can be related to internuncial 
activity rather than to afferent fibres of different conduction velocity. 
In this present work, however, evidence is presented showing that the 
second, long-latency reflex is set up by a slowly conducted synchronous 
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C-fibre volley. This correlation has been dependent upon sampling the 
centripetal splanchnic volley from the cut thoracic sympathetic chain into 
which it passes, the sampling being done off a portion of the chain above 
the level of entry of the effective afferent fibres. It is not, strictly, a 
record of the reflexogenic volley itself. The splanchnic shock will stimulate 
all fibres, setting up both orthodromic and antidromic volleys which will 
enter into the sample. The three lines of evidence—stimulus thresholds, 
differential block of myelinated fibres, and afferent conduction velocity 
of the effective volley—by which the late reflex has been related to the 
C-fibre volley, leaves little doubt that the relation will hold true in the roots 
themselves. 

The late reflex discharge is mediated by spinal arcs. It is not dependent 
7 upon the early reflex which precedes it, nor is it secondary to some response 
_ a in the animal to the early reflex. In some preparations the second dis- 
_, _ charge has been seen in nerve or muscle with no early discharge and this 
situation can be produced by the differential blocking of the myelinated 
fibres. One reflex which could stimulate afferent nerve endings to evoke 
another reflex is the jerk of the trunk muscles themselves. It was shown, 
however, that the late reflex into nerve survives the paralysis of the 
muscles by tubocurarine. Of the correlation between late reflex and C 
7 volley, it can be said that the late reflex has not been seen without a 
| C volley in the splanchnic chain volley. On the other hand, a C volley in 
the chain may or may not evoke a late reflex, depending on the condition 
of the animal. 


evokes two phases of facilitation of the motoneurones. This was shown 
by using an afferent volley in another intercostal nerve as the testing 
stimulus. The peaks of these phases coincide with the times of maximum 
discharges. Each phase, like each discharge, can be related to the different 
fibre groups in the splanchnic nerve. The C-fibre volley has its facilitating 
action upon motoneurones which are fired in the short-latency inter- 
costally-evoked test reflex. This shows that the two pathways overlap 
in some place, so that the C-fibre impulses can bring into subliminal 
fringe the same motoneurones which are fired in the early reflex. The 
_ recording of single motor units of muscle firing in both reflexes also shows 
that the C-fibres can activate the same motoneurones as myelinated 
fibres: It is remarkable that in some preparations, or even in different 
= muscles or parts of a muscle of the same preparation, either of the reflex 
* | discharges may be present without the other. The central site and causes 
4 of the changes which may block the two pathways remain to be deter- 
mined. There do occur considerable moment-to-moment fluctuations of 
excitability of the central reflex arcs. This is seen both in the fluctuations 


Besides evoking a double discharge, the splanchnic afferent volley 
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of size and latency of reflexes and in the varying facilitation by a con- 
ditioning volley. These fluctuations are entirely central, the recorded 
splanchnic-chain volley remaining unchanged. This unpredictable fluctua- 
tion has been one of the puzzling features of these experiments; further 
work should show whether it is wholly of cord origin. Spinal transection 
above the arcs in the decerebrate animal did not cause the release of the 
reflexes described in the cat (Downman, 1955). Whatever the mechanism 


of suppression of the reflexes it can be overcome temporarily by facilita- 


tory conditioning volleys in the same (i.e. splanchnic) or other (i.e. 


' intercostal) afferent fibres. Repeated stimulation of the splanchnic nerve, 


when the reflexes are small or absent, causes increase in size. Induction 
coil shocks at 40/sec and below blocking strength caused prolonged post- 
tetanic potentiation. This was not accompanied by any sign of post- 
tetanic enhancement of the C volley in the peripheral pathway as de-— 
scribed by Brown & Holmes (1956) for other nerves, although the majority 


of fibres in the volley conduct at under 1-1 m/sec, which was the upper 


limit for size of the fibres showing enhancement set by Brown and Holmes. 
Failure to record enhancement was not a failure of the method since it could 


be recorded on isolated rabbit hypogastric nerves. 


Of three lines of evidence defining C volleys as reflexogenic, the least 
reliable was the use of thresholds. The maximum C volley required 
stimulus durations of 0-5 msec. At these durations the threshold of the 
lowest threshold C fibres approaches that of B fibres. Bishop & O’ Leary 
(1939) found in rabbits that the most irritable C fibres respond at lower 
threshold than the least irritable B fibres. This finding has been confirmed. 
It should be noted that Bishop & Heinbecker (19355), in a paper on the 
responses of mammalian nerve to strong shocks, describe random repeti- 
tive discharge of myelinated fibres. This lasted a large fraction of a second 
after a single shock over C-fibre threshold to the vagus. We have recorded 
such a discharge in isolated chain preparations. The second reflex response 
may be facilitated by this discharge, but is not set up by it. The induction- 
coil blocking method blocks conduction of both the initial volley and the 
repetitive discharges along the splanchnic nerve myelinated fibres. Gating 
is a less distinctive method since the block, being effective only during the 
stimulus pulse, does not block transmission of any repetitive discharge. 
In addition to the evidence of reflex thresholds, the other lines of evidence 
—differential blocking and conduction velocity—show that the C volley 


is effective. Within this volley the fastest reflexogenic fibres conduct 


more slowly than the fastest C fibres in the chain. Whether the larger 
C fibres are ineffective because of lack of central connexions or lack of 
numbers is not known. 
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SUMMARY 


1. Single shock-stimulation of the central cut end of the splanchnic 
nerve in rabbits, after decerebration or under Dial anaesthesia, evokes a 
double reflex discharge. 

2. This double reflex is seen as an early short-latency discharge followed 
by a later long-latency (60-70 msec) discharge into intercostal nerves and 
trunk muscles. 

3. The late reflex is set up by the afferent volley in the C fibres of the 
splanchnic nerve. The correlation between the late reflex and the afferent 
C volley has been demonstrated by (a) stimulation threshold, (6) differen- 
tial blocking of myelinated fibres, and (c) estimation of the conduction 
velocity of the reflexogenic volley. 

4. The splanchnic volley provides two phases of facilitation of inter- 
costal reflex activity, tested by an intercostally evoked reflex, corre- 
, sponding in timing to the double reflex discharge 

5. Post-tetanic potentiation of both reflex discharges occurs without 
post-tetanic enhancement of the splanchnic chain volley. 

6. Motor units may fire during both reflex discharges. 

7. The great fluctuation of conductivity in the arcs examined during 

these experiments is emphasized. : 


Purchase of some of the apparatus used was aided by grants from the Government 
Grants Committee of the Royal Society and the Central Research Fund of the University of 
London to C.B.B.D. We are grateful to Mr J. E. Pascoe of University College London and 
to Dr F. B. Beswick of Manchester University for valuable suggestions. 
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SOME OBSERVATIONS ON CHANGES IN THE BLOOD 
CONTENT OF THE CAT’S PANCREAS DURING 
ACTIVITY 
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WITH AN APPENDIX By A. E. Lowg 
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Claude Bernard (1856) first observed that the pancreas became red and 


congested during digestion, and it has been generally assumed since then. 


that activity in the pancreas is accompanied by vasodilatation. Experi- 
mental evidence is, however, conflicting; and Tankel & Hollander (1957) 
state in a recent review that ‘there is no conclusive evidence that an 
increase in glandular activity is invariably accompanied by an increase 
in. blood flow’. 

The problem is complicated by the work of Bennett & Still (1933), who 
showed that obstruction to the outflow of pancreatic juice caused an 
increase in venous outflow from the pancreas: when there was no obstruc- 
tion, secretion was not accompanied by an increased blood flow. is 
therefore important that any method of observing vascular changes in the 
pancreas should not interfere with the outflow of juice. 

We have approached the problem by using a photocell to detect changes 
in opacity of a portion of the cat’s pancreas when transilluminated. This 
method, which was adapted from that of Holton & Perry (1951) has the 
advantage of producing very little mechanical disturbance of the pancreas. 
It must be emphasized, however, that it does not measure blood flow, but 
is sensitive to changes in the blood content of the tissue under observation. 
It is probable that blood flow and blood content alter together. But. this is 
not necessarily so: Hilton & Holton (1954) showed that, in the rabbit’s 
ear, capillary vasodilatation can occur with very little increase in blood 
flow. 

In this paper, the words ‘vasodilatation’ and ‘vasoconstriction’ mean 


increase and decrease in blood content of the tissue and do notimply blood- 


flow changes. 
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METHODS 


Apparatus. The apparatus is illustrated in Fig. 1. A small photocell, P (CINTEL 


V.A. 31), with an end cathode 11 mm in diameter, was mounted in a Perspex plate B, 
attached to a holder H. The light source was a 6 W bulb run from an accumulator and 
mounted on a Perspex rod R, which contained a green filter. The lower end of the rod was 
encased in a polished stainless-steel tube and attached to a Perspex plate A. When the 
pancreas was in position, A and B were bolted together, with spacers to avoid compression 
of pancreatic tissue. The outer surface of the Perspex was painted black to prevent reflexion 
of light on to the photocell from the abdominal contents. 
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Fig. 1. Diagram of the apparatus. The pancreas was held between Perspex plates 
A and B bolted together through holes in the mesentery. Light from the bulb L 
passed down the Perspex rod R, via.a green filter F, through the pancreas to the 
photocell P. The leads from the photocell were insulated with Araldite (Aero 
Research Ltd.) and were brought out through the abdominal wound. The lower 

_ end of R was encased in a polished stainless-steel tube 7'. The outside surface of all 
the Perspex inside the abdomen was painted black. 


The method depends upon the fact that an increased amount of blood in the tissue under 
observation decreases the light reaching the photocell (and vice versa). The loss of light is 
due partly to scattering and partly to absorption. Since most of the change in absorption is 
due to change in the amount of haemoglobin, a wave-band of light was selected by using a 
green filter (Ilford 404, Tricolour Green Micro 3) so that both haemoglobin and oxyhaemo- 
globin were absorbed strongly and approximately equally. This precaution prevented the 
results being obscured by possible alterations of the oxygen tension. It was probably un- 
necessary, however, since similar results were obtained in early experiments in which the 
green filter was omitted. | 

The output from the photocell was amplified as described in the appendix and led into 
one of the two channels of a recording milliammeter (Evershed & Vignoles). The amount of 
light entering the photocell, and hence the output of the amplifier, with the pancreas at 
rest, depended upon the particular portion of pancreas used and changes in this light were 
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only a small proportion of the total, When the pancreas was in position, the initial output of 
the amplifier, which varied from 3 to 40 V in different experiments, was backed off with 
a dry battery (see Fig. 7) so that the deflexion of the milliammeter was minimal in the 
absence of stimulation. Since the sensitivity of the apparatus to a given percentage change 
of transmitted light varied with the initial setting of the amplifier, the deflexions of the 
milliammeter were not comparable from one experiment to another. On some occasions the 
sensitivity was too great, and when this occurred the deflexions of the recorder were 
decreased by introducing a resistance in series with it. The other channel of the milliammeter 
was attached to the drop tube and amplifier normally used in conjunction with the Gaddum 
drop-timer and recorded drops of pancreatic juice. 

Preparation of ‘the animal. Cats weighing 2-5-5 kg were anaesthetized with intravenous 
chloralose after induction of anaesthesia with ethyl chloride and ether. The abdomen was 
opened, the pylorus tied and the pancreatic duct cannulated. The portion of pancreas 
~ chosen for observation lay in the duodenal loop: this presented, in the cat, an area large 
enough to cover the photocell, and of a suitable thickness for transillumination, but without 
any visible blood vessels. In addition, this portion of the pancreas was far enough away from 
the duct to avoid interference with the collection of secretion. Before clamping the pancreas 
between the Perspex plates, four holes were dissected through the mesentery to accommo- 
date the screws and spacers fixing the plates. The duodenum adjacent to the pancreas under 
observation was thus supported by the screws holding the Perspex plates together. The 
edges of the wound were brought closely together; in some experiments the abdomen was 
filled with liquid paraffin at 38° C. (This kept the preparation in excellent condition, but 
impeded any subsequent adjustment to the apparatus or pancreas.) The polythene cannula 
from the pancreatic duct was brought out through the wound and attached to the drop 


pecorder. 


The arteries supplying the pancreas arise from the coeliac and superior mesenteric branches 
of the abdominal aorta. Arterial injections were therefore made into a polythene cannula 
passed via the femoral artery into the aorta until the tip lay proximal to the origin of the 
coeliac artery (checked post mortem). Intravenous injections were made into the jugular 
vein. Blood pressure was recorded with a mercury manometer from the common carotid 
artery. 

Secretin and pancreozymin were obtained from Boots Pure Drug Co., Ltd. Doses are 
expressed in the units described by Crick, Harper & Raper (1949). 


RESULTS 


In the absence of stimulation the mean photocell record remained steady, 
but there were small waves due to changes in the amount of light reflected 
from the spontaneously contracting intestine. These fluctuations could not. 
be excluded without compressing the pancreas, but did not obscure the 
observations on changes in blood content. 


The effect of injections 

Saline (NaCl 0-9 ° (w/v)). Rapid arterial injection of saline in a volume 
of 0-5 ml. or larger decreased the opacity (i.e. simulated vasoconstriction), 
owing to the replacement: of blood with a colourless liquid. This was not 
shown with smaller volumes (0:3 ml.), nor with intravenous injection. 
Care was taken to keep the volumes injected arterially not greater than 
0-3 ml. 
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Acetylcholine. Arterial injection of acetylcholine 10 yg produced an 
evanescent vasodilatation, as is shown in Fig. 2. There was no increase in 
the volume of pancreatic secretion in response to acetylcholine, even when 
100 »g was injected. 


Fig. 2. The photocell record in all the figures illustrates the change in the amount 
of light transmitted by the pancreas. A downward deflexion is caused by de- 
creased light transmission (i.e. vasodilatation—see text) and an upward deflexion 
by increased light transmission (i.e. vasoconstriction). At A acetylcholine bromide 
10 wg was injected arterially. No secretion was observed. 


Histamine. Intravenous injection of histamine acid phosphate 5-10 pg 
caused vasodilatation lasting 1-2 min, but no pancreatic secretion. This 
is shown in Fig. 3. 3 | 

Secretin. Arterial or intravenous injection of secretin caused an im- 
mediate vasodilatation which preceded the onset of secretion and was 


usually complete within 5 min. There was no change in the arterial blood — 


pressure. The response, which is illustrated in Fig. 4, was unaffected by 
atropine or mepyramine in doses which abolished the effects of acety!- 
choline and histamine respectively. 

In view of the finding of Bennett & Still (1933), that increase in blood 
flow in the secretin-stimulated pancreas only occurred if there was obstruc- 
tion to outflow of juice, it was necessary to find out if the vasodilatation 
observed in response to secretin was due to a rise in pressure inside the 
ducts. The following observations show that it was not. 
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(a) Clamping the pancreatic duct cannula after injecting secretin, either 
before secretion occurred, or during secretion, did not cause any greater 
vasodilatation than was produced by secretin alone (Fig. 5a). 

(b) Injection of saline into the pancreatic duct at a rate similar to the 
rate of secretion of pancreatic — did not have any effect upon the blood 
content (Fig. 55). 

(c) In some experiments the pancreatic duct was not cannulated and the 
juice was free to flow into the duodenum. The vasodilator response to 
secretin was still recorded under these conditions, although it was very 
unlikely that there - was obstruction to the free exit of pancreatic juice 


(Fig. 6). 


Fig. 3. The vasodilator effect of 10 ng histamine acid phosphate (H) 
injected intravenously. No secretion was observed. 


min 
record 
Drops 


Fig. 4. The vasodilator effect of intravenous injection of 3 u. pancreozymin (P), 
3 u. secretin (S,) and 6 u. secretin (S,). The bottom records in this figure and in 
Figure 5a show secretion of pancreatic juice; each vertical line corresponds to one 
drop; there is no significance in the different lengths of the lines. 
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Pancreozymin. Injection of 3-10 units of pancreozymin produced vaso- | 


dilatation like that produced by secretin, and similarly resistant to atropine 
and mepyramine. This is shown in Fig. 4, which also illustrates that on 
this occasion the pancreozymin produced a small increase in the rate of 
secretion of juice, possibly due to the presence of small amounts of 
secretin. But this increase in rate was not always observed. _ 


Drops 


Photocell record 


Fig. 5 (a). The vasodilator effect of 3 u. secretin given intravenously at S. Between 
A and B the cannula was clamped to obstruct the flow of pancreatic juice. 

Fig. 5 (b). This photocell record was obtained from the same experiment as Fig. 5(a). _ 
0-15 ml. saline was injected backwards into the pancreatic duct between C and D 
and again between F and G; the duct was clamped from D to E. 
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DISCUSSION 


The photocell method measures changes in the opacity of the portion of 
the pancreas under observation. In the foregoing account we have 
assumed that these changes were due to an alteration in the amount of 
blood in the minute vessels. They could, however, be due to changes in the 
- amount of colourless fluid in the gland (pancreatic juice or tissue fluid) or 
to alterations in the numbers of secretory granules in the cells. | 

The effect of changes in the amount of colourless fluid in the gland was 
studied by injecting saline into the blood supply and into the duct system. 
The photocell was affected only when the blood in the vessels was replaced 
by intra-arterial injections of saline, and did not respond to back injection 
of saline into the pancreatic duct, nor to obstruction to the outflow of 
pancreatic juice. 


gy 


min 


Fig. 6. The vasodilator effect of 2 u. secretin (S) in a preparation in which 
the pancreatic duct was not cannulated. 


Histological observations by Harper & MacKay (1948) have shown that 
pancreozymin causes a decrease in the numbers of secretory granules in 
the cells: this would cause a decrease in opacity of the tissue instead of 
the increase observed in our experiments. 

It can be concluded, therefore, that the changes in opacity which were 
observed were not due to changes in the amount of colourless fluid in the 
gland, nor to changes in granularity i in the cells, and it is justifiable to 
assume that they were due to vasodilatation and vasoconstriction. 

Both secretin and pancreozymin produced an increased blood content in 
the pancreas. Our results with secretin accord with those of Gayet & 
Guillaume (1933), who used a plethysmograph which also measures changes 
in blood content. We cannot, however, conclude from our observations 
that the vasodilatation is accompanied by an increased blood flow through 
the pancreas during activity. Although it is likely that dilatation of the 
capillaries and the resistance vessels would occur together this has not been 
established. It is interesting that pancreozymin causes vasodilatation, 
since there is little change in the volume of the juice secreted when this 
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hormone is injected. It is known, however, from the observations of 
Davies, Harper & MacKay (1949) that pancreozymin, like secretin, stimu- 
lates oxygen consumption of pancreatic tissue in vitro. The vasodilatation 
observed in the intact gland would increase the oxygen supply to the cells 
stimulated by pancreozymin. 


SUMMARY 


1. A method is described for measuring changes in the blood content of 
the pancreas of the anaesthetized cat. 

2. Acetylcholine and histamine produce vasodilatation, abolished 
respectively by atropine and mepyramine. Neither acetylcholine nor 
histamine altered the rate of secretion of pancreatic juice. 

3. Secretin and pancreozymin both cause an immediate vasodilatation 
lasting 2-5 min, and unaffected by atropine or mepyramine. 

4. No evidence is presented relating changes in blood flow through the 
gland to its activity. 
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APPENDIX 
By A. E. 
An amplifier for use with a photocell 
In the method described above it was necessary to record small varia- 
tions in transmission of light by the tissue under observation. The resultant 
variations in light incident on the photocell produced changes of only a few 
per cent in the total photocell current. These small changes had to be 


displayed on the record. An amplifier was therefore required which was 
capable of supplying a voltage output many times that needed for full- 
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scale deflexion of the recorder. If most of this output voltage (corres- 
ponding to the resting state of the pancreas) is backed off by an approxi- 
mately equal voltage of opposite polarity, changes of a few per cent of the 
total transmitted light can be made to occupy a large — of the 
width of the recorder chart. 

The amplifier constructed is a modified feed-back valve voltmeter. It 
has the following characteristics: 

1. The photocell voltage is kept constant, so that the photocell current 
is linearly related to the incident light. 


2. The amplifier output is at least ten times that required for full-scale ) 


deflexion of the recorder (3 V). The output is linearly related to the photo- 
cell current and independent of the recorder current up to 40 V. The output 
current is limited to protect the recorder from overloading. 

3. The noise and drift of the amplifier is very low. 

The circuit diagram is shown in Fig. 7. The photocell current (i produces 
a voltage v = iR, across R,, and since the grid of V, is held at constant 
potential by saaniive feed-back (from V, via VR, to R,) almost all of v 
(approximately 99%) appears as a positive voltage at the output of the 
amplifier (cathode of V,). The photocell voltage is therefore held constant, 
as its anode is connected to the grid of V, and its cathode to the negative 
stabilized line via a smoothing circuit. In practice the maximum value of 
+ is 0-1 pA and as R, = 350 MQ the maximum value of the output voltage 
is about 35 V and the amplifier is linear over this range. As the output 
valve is a cathode follower with added negative feed-back the output 
current is independent of the output voltage. 

A resistor R,, between the amplifier and the recorder, reduces the voltage 
to the recorder for initial setting up (battery at OV) (see Methods). After 
the backing-off voltage has been found S, is closed so that R, is short- 
circuited. It will be seen that the recorder current must pass through 
R, or Rg. These are fixed at values which prevent serious overloading of the 
recorder. | 

Low noise and drift are ensured by the following precautions: 

(1) V, and V, are high quality valves of the Ministry of Supply CV 4000 
series; (2) R, is a high stability component (Welmeg, Welwyn Electrical 
Laboratories, Ltd.); (3) both positive and negative lines are stabilized 
(V, and V;) and the screen grid of V, is fed from the stabilizer (V,): 
(4) R, decreases the heater current of V,, thus bringing its grid current to 


a level of (10- to 10-1! A) which is very small compared with the photocell 
currents to be measured. 
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CUTANEOUS ANTIGEN-ANTIBODY REACTIONS IN THE RAT 


By W. E. BROCKLEHURST, J. H. HUMPHREY 
AND W. L. M. PERRY* 


From the National Institute for Medical Research, 
Mill Hill, London, N.W.7 


(Received 1 July 1959) 


In an earlier paper (Brocklehurst, Humphrey & Perry, 1955) we showed 
that when rabbit antibody was injected into the skin of rats, and antigen 
administered intravenously, the local rapid increase in capillary perme- 
ability (passive cutaneous anaphylaxis, PCA) and the inflammatory 
changes of the Arthus reaction proceeded normally even in skin depleted 
of up to 90 % of its histamine content. Furthermore, in normal rats or in 
rats with greatly reduced skin histamine, antihistamine compounds failed 
to modify Arthus and PCA reactions unless these drugs were given in such 
large doses as to produce signs of collapse in the rats. In histamine-depleted 
animals, treated with an antihistamine drug; the PCA reaction remained © 
unchanged although the amount of histamine required to produce a 
similar reaction by injection was about 1000 times as great as was present | 
in the corresponding area of skin. We concluded therefore that histamine 
release, as a consequence of the antigen-antibody reaction, could not be 
the cause of the observed phenomena. : 

Inderbitzin & Craps (1957) have confirmed these findings in the rat, and 
Alberty & Takkunen (1957) found mepyramine to be relatively ineffective 
_ against cutaneous anaphylaxis in actively sensitized guinea-pigs. Halpern, 
Liacopoulos & Briot (1956) have reported, however, that the threshold 
_ dose of antigen required to produce a detectable increase in capillary 
permeability in the skin of actively sensitized rats was increased some 500 
times by promethazine (2-5 mg/kg). : 

Another possible mediator in anaphylactic reactions, besides histamine, 
is 5-hydroxytryptamine (5-HT), which has been shown to be released by 
antigen-antibody reactions in vitro from blood platelets (Humphrey & 
Jaques, 1955), and in vivo in the rabbit (Waalkes, Weissbach, Bozicevich & 
Udenfriend, 1957). Parratt & West (19576) showed that rat skin contained 
5-HT, but concluded that most of this substance was located elsewhere 
than in the mast cells, which contained some 90% of the skin histamine. 


* Present address: Pharmacological Laboratory, University New Buildings, Teviot Place, 
Edinburgh 8. 
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They showed that, although compound 48/80 released both histamine and 
5-HT from rat skin, reserpine could greatly diminish the 5-HT while 
hardly affecting the histamine. Inderbitzin & Craps (1957) reported that 
bromolysergic acid diethylamide (BOL), a potent antagonist of 5-HT, did 
not modify the PCA response in rats. Our previous studies had presum- 
ably excluded participation of 5-HT in PCA reactions, since the animals 
were thoroughly treated with 48/80, but this point had not been studied 
specifically. We have now extended our earlier work by investigating both 
reversed and direct cutaneous anaphylactic reactions, with particular 
reference to the effect of antihistamine drugs and BOL, in rats whose skin 
content of both histamine and 5-HT had been greatly reduced. The results 
indicate that neither histamine nor 5-HT are primarily involved in these 
skin reactions. 
| METHODS 


Animals. The rats used in these experiments were drawn from the same colony as were 
those used in our previous studies (Brocklehurst ¢ al. 1955). 

Depletion and estimation of skin histamine. The procedures for depleting rat skin of hist- 
amine by compound 48/80 and for determining the skin histamine content were those 
described previously (Brocklehurst e¢ al. 1955). 

Depletion and estimation of skin 5-HT., The use of 48/80 to deplete the skin of histamine 
also causes a marked reduction in 5-HT (Parratt & West, 19576). We have also used reser- 
pine as an independent means of reducing the 5-HT content of the skin. Large doses of 
reserpine produce very severe systemic effects including dehydration, which make the 


animals wholly unsuitable for investigations of skin reactions. We used doses of reserpine | 


of from 0-5 to 2-0 mg/kg, which did not induce prolonged systemic effects, and, in combi- 
nation with the treatment with compound 48/80, reduced the skin 5- sake to some 10% of 
normal. A typical course of Weatenins is shown in Table 1. 


TasBLeE 1. Typical course of treatment for depletion of skin histamine and 5-HT 


Dose (mg/kg) 
Day Compound 48/80 Reserpine | 
0-8 
2 1-2 and 1-4 a 
3 1-8 and 2-2 _ 
3-0 
3:8 
6 5-0 
7 1-0 
8 1-5 
10 | 2-0 
14 Animals used for experiment 


The method of estimating the amount of 5-HT in the skin was based on that of Parratt & 
West (1957a). 150-200 mg of shaved skin was taken from areas of the thorax and abdomen, 
adjacent to the reaction site, and freed from subcutaneous fat. This was dropped into 5 ml. 
of acetone at 0° C and, after being chopped fine with scissors, was kept at 4° C for 36 hr. 
The supernatant fluid was then collected, and 2 ml. acetone was added to the tissue, which 
stood for a further 2 hr. The acetone solutions were mixed, and evaporated to dryness at 
below 10° C; 0-5 ml. water was then added and the sample was kept at —15° C. The 5-HT 


Be 


~ 


ia 
A 
(Bre 
W 
ve 
in 
qué 
pre} 
a 
3 the 
| 
bod 
or 
r 
obt 
Si 
we 


ANAPHYLAXIS IN RAT SKIN 491 


content was estimated on the rat uterus, at 30° C, in Tyrode’s solution modified according to 
Schwartz, Masson & Page (1955) and aerated with 95% oxygen+ 5% COQ,. 

Production of reversed PCA reactions. Reversed PCA reactions were produced as before 
(Brocklehurst e¢ al. 1955). The antigens used were (1) crystallized Bovine Serum Albumin 
(BSA, Armour Laboratories), (2) Human Serum Albumin (HSA. kindly supplied by Dr 
W. D’A. Maycock, M.R.C. Blood Products Unit, Lister Institute, Elstree) and (3) hen 
ovalbumin (EA), recrystallized three times. Rabbit antisera were prepared by repeated 


intravenous injection of antigen adsorbed on alum. The antibody content, measured by 


quantitative precipitation at optimal proportions, was 5-10 mg/ml. Rat antibodies were 
prepared as described below under ‘Active sensitization’. 
Production of direct PCA reactions. The same antigen-antibody veal were used as for 


_ the reversed PCA reaction. In preliminary experiments antibody prepared in rabbits or rats 


was administered intraperitoneally or intravenously to normal rats in doses of 2-12 mg/100 g 
body weight. Skin reactions to various amounts of intracutaneous antigen were tested 24 
or 48 hr later. We found that when antiserum was administered intraperitoneally, whatever 
the quantity of antiserum used, there was very little response to intracutaneous antigen. 
When the antiserum was given intravenously, a graded cutaneous anaphylactic response was 
obtained over a suitable range of test doses of antigen. 

Reproducible graded skin responses of convenient size, and with satisfactory dose-response 
slope, were obtained when 6 mg antibody/100 g was administered intravenously, and the 
skin test doses of antigen were 0-5-3 yg (in 0-05 ml.). The slope of the dose-response curve 
was less steep than with PCA reactions, and became very flat at higher doses of antigen. 

Active sensitization. Rats are not readily sensitized by the usual techniques, but a method 
based on that of Lipton, Stone & Freund (1956) was successful. BSA, HSA or EA was 
incorporated at a concentration of 10 mg/ml. in an oil-in-water emulsion containing killed 
tubercle bacilli. Two doses of 0-5 ml. were injected intramuscularly one week apart. Five 
weeks after the second injection” 4 mg antigen adsorbed on aluminium hydroxide was 
administered intravenously, and a further similar injection was given a week later. The 
second intravenous injections caused temporary prostration (anaphylatic shock), and the 


_ precipitating antibody levels subsequently rose to 1-5-7 mg/ml. Ten to twelve days after 
_ the last injection the rats were used for tests of active cutaneous anaphylaxis, or were bled 


in order to provide rat antibodies for use in PCA tests using homologous serum. | 
Design of experiments. The experimental designs, as before (Brocklehurst e¢ al. 1955), 


_ included randomization of injections and blind reading of results. Histamine acid phosphate 


and 5-HT creatinine sulphate were made up as aqueous solutions containing 1% base, and 
the pH was adjusted to 7-5 with n/3-NaOQH. ee dilutions for intradermal injection 
were made with 8 solution. 


RESULTS 
' Effect of compound 48/80 and reserpine on content of 5-HT in rat skin 


After the combined course of treatment with compound 48/80 and 
reserpine described above, the content of 5-HT in the rat skin was found 
to be reduced by about 90 % at the time when the cutaneous anaphylactic 
reactions were produced. The results of one experiment showing the extent 
of variation from animal to animal are given in Table 2. 

In most experiments the skin samples (from various groups) were pooled 
before assay. The mean values were similar. The skin histamine content of 
these animals at this time of performing the anaphylactic reactions was not 
more than 15 % of that in control rats. These results agree with the figures 
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given by Parratt & West (1957a) and by Bhattacharya & Lewis (1956). 
The animals remained 1 in good condition at the end of the course of 
treatment. 


TABLE 2. The effect of treatment with compound 48/80 and reserpine on the 5-HT content 
of rat abdominal skin. (For dose schedule see Table 1.) The values are yg base/g skin 


Control animals 0-66, 0°79, 1-4, 1:56 Mean 1-10 
Treated animals 0-1, 0-1, 0-12, 0-15 
0-1, 0-1, 0-16, >is! Mean 0-12 


The effect of antihistamine drugs and BOL on reversed PCA reactions 


Both in rats with low skin histamine and 5-HT and in control rats the 
responses to intracutaneous injections of histamine and 5-HT were used 
as an index of the effectiveness as inhibitors of mepyramine and BOL. The 
results are shown in Fig. 1, in which three experiments are combined. It 
will be seen that BOL (2 mg/kg), freshly prepared and injected intra- 
venously as a 0-2°%% aqueous solution about 30 min before the tests were 
made, reduced the skin response to injected 5-HT somewhat more than 
fiftyfold. In the skins of rats depleted of 5-H'T by combined treatment with 


* compound 48/80 and reserpine, the responses to intracutaneous 5-HT (but 


not to histamine) were somewhat larger, and the effect of BOL was to 
reduce these responses even more than in control rats. This may be related 
to the fact that the skin of rats treated with 48/80 is very thin, and the 
distribution of an injected dose will consequently be modified. BOL did 
not diminish the size of the responses to injected histamine, but they were 
distinctly paler than in control rats. Mepyramine (50 mg/kg intraperi- 
toneally 45 min before testing) reduced the response to histamine from 
sixty to two hundred times in this and other experiments, without signifi- 
cantly affecting the response to 5-HT. : 

Reversed PCA reactions were carried out in control rats and in rats pre- 
treated with compound 48/80 and with reserpine, with and without 
mepyramine and BOL treatment. The results are shown in ‘Fig. 2, The 
mean diameters of the PCA lesions were very similar in all groups, the 
greatest variations observed corresponding to less than a twofold increase 
of dose. It would seem therefore that neither histamine nor 5-HT, 
separately or together, determine the size of the lesion which results from 
reversed passive anaphylactic reactions in the rat skin. There were dif- 
ferences, however, in the intensity of the reactions. Rats treated with BOL 
gave PCA reactions notably paler than rats not so treated. This was 


observed in rats with normal or greatly diminished skin histamine and 
5-HT. | 


Mean lesion diameter (mm) 
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Mean lesion diameter (mm) 


0-019 0-075 0-1. 0:3 1:2 50 


| Histamine or 5-HT base (yg) 


Fig. 1. Diameter of blue areas produced by intracutaneous injection of histamine 
and 5-HT in normal and treated rats, in the presence and absence of BOL. Filled 
symbols denote normal rats, open symbols denote rate treated with 48/80 and 
reserpine: treated with reserpine only; @O, no antagonist; AA, BOL; 
1), BOL+mepyramine ; = histamine response; = 5-HT response. Semi- 
log. scale. In this and subsequent figures each point represents the mean response if 

in 4-10 animals. | oe 


_ Direct cutaneous reactions in actively and passively sensitized rats ie 
When direct PCA reactions were elicited by injection of antigen into the ri 
skin of rats passively sensitized with rabbit or rat antibody, the area of the |) are 
response was not diminished significantly by either mepyramine or BOL, a 
but the intensity of blueing was reduced by BOL. This was particularly a 
evident in the smaller lesions, which were sometimes too pale to be | 
‘measured. The results of one experiment are given in Table 3. 
The combined results of two experiments with rats which had been 
_ actively sensitized are shown in Fig. 3. The doses of the inhibitors tested 
| Were sufficient to depress the responses to intracutaneous histamine and 
5-HT by a factor of well over 100, yet the response to antigen was reduced 
only twofold by mepyramine, and BOL had no effect on the area and a 
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Fig. 2. Diameter of PCA reactions in normal and treated rats in the presence and 
absence of BOL and/or mepyramine. Filled symbols denote normal rats, open 
symbols denote rats treated with 48/80 and reserpine: @O, no antagonist; 
AA, BOL; (1), BOL+mepyramine; @, treated+mepyramine; A, reserpine + 
BOL. Semi-log. scale. 


TasLE 3. Direct cutaneous anaphylaxis in passively sensitized rats. Mean lesion 
diameter (mm). Intensity of blue indicated on a scale of + to +++++ 


Antigen (ug) 
Antagonist “1/8 1/2 2 8 
None 4-6 6-8 9-8 11-6 
Mepyramine 3-2 6-6 9-1 11-0 
BOL 5-0 6-0 8-5 10-4 
+ + + + ++ + 
BOL Unreadable 6-0 9-1 12-0 
+ mepyramine + ++ 


Antigen given intradermally in 0-05 ml. Tyrode solution 44 hr after antibody given I.v. 
The antagonists reduced the response to 5-HT and histamine by a factor of at least 100. 
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very slight effect on the intensity of the lesions. Promethazine (20 mg/kg) 
reduced the size of the lesions produced by antigen, in that, after pro- 
methazine, 5-10 times more antigen was required to elicit responses 
similar to those in untreated rats. 


— 


Mean lesion diameter (mm) 


i + 
0-5 2 8 
Antigen (4g) 


Fig. 3. Diameter of direct cutaneous anaphylactic reactions in actively sensitized 
rats. The rats were actively sensitized with HSA or EA, and had not been treated 
with 48/80 and reserpine. Both antigen-antibody systems gave comparable 
results. @, no antagonist; A, BOL; +, mepyramine; mg, BOL+mepyramine; 
x, promethazine. Semi-log. scale. 


The effect of promethazine on other cutaneous reactions 


Promethazine was the only antihistamine drug significantly to affect 
cutaneous anaphylactic reactions in this and in our previous series of 
experiments. Benacerraf & Fischel (1949) found that in the rabbit the 
Arthus reaction and the effect of an erythrogenic toxin from streptococci 
were markedly inhibited by comparable doses of promethazine, and con- 
_ Cluded that this drug acts directly on capillaries, reducing their suscepti- 
bility to damage. Furthermore; promethazine (20 mg/kg), unlike mepyr- 
amine, diminished the skin response of rats to 5-HT by about eightfold, 
in addition to more than a thousandfold reduction of the skin response to 
histamine. 

It was therefore abeniun to examine the effect of promethazine on the 
action of the permeability factor of = serum described by Wilhelm, 
32 PHYSIO, CL 
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Miles & Mackay (1955). This factor is activated by dilution or ether 
fractionation of serum, and is concentrated in the G2« globulin, a sample 
of which was kindly provided by Professor A. A. Miles. The factor has been 
shown by Wilhelm and his colleagues to act independently of histamine, 
and not to be a histamine liberator in the rat (Wilhelm, Mill, Sparrow, 
Mackay & Miles, 1958). The effect of promethazine (20 mg/kg) and mepyr- 
amine (50 mg/kg) on the areas of increased capillary permeability due to 
graded doses of the G2 fraction of guinea-pig serum is shown in Fig. 4. 


10 O 


Mean lesion diameter (mm) 
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ma x 
x 
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v 
0-1 0-3 0-9 27 


G2a permeability factor (ug) 


Fig. 4. Diameter of skin reactions to guinea-pig G2a permeability factor. The 
material was injected in 0-05 ml. Readings were made on the under side of the 
skin 25min after injection. ©, no antagonist; x, mepyramine 50 mg/kg; 
v, promethazine 20 mg/kg. Semi-log. scale. 


It is interesting to note that mepyramine diminished the response about 
twofold, since Wilhelm et al. found that rat permeability factor, tested in 
the rat, was also weakly inhibited by mepyramine. Promethazine, how- 
ever, diminished the response some sixfold and affected not only the area 


but the intensity of the weaker responses, which were relatively pale and 
faded at the edges. 3 | 


DISCUSSION 


We have extended our earlier observations on reversed PCA reactions 
to include the use of both heterologous and homologous antibodies and also 
experiments on direct cutaneous anaphylaxis in actively and passively 
sensitized rats. In no case have we been able to show that depletion of the 
skin 5-HT and histamine affects the size of the cutaneous anaphylactic 
reaction, even when the cutaneous reaction to injected 5-HT and histamine 
is inhibited with BOL and mepyramine. Two points require some amplifi- 
cation, however. First, BOL definitely reduced the intensity of blueing in 
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the area of the lesions produced both by intradermal injections of hist- 
amine and by cutaneous anaphylactic reactions. Furthermore, in skin 
depleted of both histamine and 5-HT, mepyramine also decreased the 
intensity of the anaphylactic reactions. It is known that histamine is ° 
released in these reactions and although there is no direct evidence for a 
release of 5-HT, the effect of BOL suggests that this also occurs. Both 
histamine and 5-HT therefore may play some part, almost certainly 
secondary, in increasing the intensity of anaphylactic reactions in rat skin. 


The underlying mechanism, however, appears not to. be dependent on 


them, a conclusion already reached by Inderbitzin & Craps (1957) and by 
Sanyal & West (1958). The only tissue reaction which appears to be 
mediated principally by 5-HT is the anaphylactic contraction of the 
mouse uterus (Fink & Rothlauf, 1955); this must not be taken to apply 
generally, since one of us (Brocklehurst, 1958) has shown that the ana- 
phylactic contraction of the rat uterus cannot be suppressed by antagonists 
of 5-HT. 

Secondly, attention is ‘ai to the action of promethazine. This is the 
only antihistamine drug which we have found to affect significantly the 
size of the cutaneous anaphylactic reaction, and Halpern et al. (1956) 
found it even more potent in raising the threshold of this response. This 


_action of promethazine seems not to depend on its antihistamine properties 


but upon some other non-specific effect on capillaries which is not shared 
by mepyramine. Inhibition by promethazine is much less obvious in tests 
with reversed PCA than in direct cutaneous anaphylactic reactions. 

Halpern et al. came to similar conclusions, and have doubted whether 
reversed PCA reactions should be classed as true anaphylactic reactions. 
In an appendix to this paper the mechanisms of both reactions are 
analysed, in order to explain why apparently contradictory results may be 
obtained with inhibitors, and why reversed PCA reactions are more 
suitable than direct reactions for the study of the underlying processes of 
anaphylaxis. 2 

One other point requires discussion, namely the difference in the relation 
between dose and diameter of skin reactions to injected histamine and to 
5-HT. These amines are similar in molecular size; neither binds very 
markedly to tissues; and the responses of both were measured after 
20 min. The slope of the line relating log. dose to response might therefore 
be expected to be similar also. In fact the slope with 5-HT was the 
steeper, which would be explained if, in the skin, histamine were inacti- 


_ vated enzymically more rapidly than 5-HT; this explanation receives some 


support from the observations of Vane (1959) that 5-HT appears to be 
resistant to the amine oxidases of intact rat stomach preparations whereas 


amines lacking the -OH group are not. 
32-2 
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SUMMARY 


1. Reversed passive cutaneous anaphylactic reactions, and direct 
cutaneous anaphylactic reactions have been studied in passively and 
actively sensitized rats. The effect upon these reactions of depleting the 
skin of histamine and 5-HT by compound 48/80 and/or reserpine, and of 
treatment with mepyramine and/or BOL, has been examined. 

2. No evidence was found for significant effects of any of the treatments, 
alone or in combination, on the size of the anaphylactic responses, although 
in rats treated with BOL they were paler. 

3. Promethazine reduced the anaphylactic responses, but reasons are 
given for considering this effect to be due to some wo property other than its 
antihistamine action. 

4. It is concluded that histamine and 5-HT are not primary seadiators 
_of the anaphylactic reaction in the rat skin, but play a secondary part. 

5. The differences between reversed and direct cutaneous anaphylactic 
reactions are considered to be due to the mechanical factors determining 
the spread of antigen which reacts with antibody, and reasons are given 
for preferring the former for study of antigen—antibody reactions of this 
kind. 

We ‘wish thank Profemot A. A. Miles foe the of G2a guinea-pig permeability 
factor; Messrs Ciba for reserpine; Messrs Burroughs Wellcome for 48/80; Abbott Laboratories 


for 5-HT; Sandoz for Brom LSD; Specia for promethazine ; and Messrs May and Baker for 
mepyramine, 


APPENDIX 


Comparison of direct (active and passive) and reversed 
passive cutaneous anaphylactic reactions 

When any locally active agent is injected into, or produced in, the skin, the size of the 
response will depend on the area over which a threshold concentration is reached and main- 
tained long enough for the response to appear. The mechanical factors involved in intra- 
cutaneous injections in the guinea-pig have been discussed by Miles & Miles (1952); in the 
rat skin, which is thinner, the process is probably similar, but the fluid mass will be retained 
at the injection site for a shorter time. Spread of injected material probably occurs by a 
combination of mass moyement of fluid in the connective tissue, and, to a lesser extent, by 
diffusion. It will be limited by any process which inactivates the material, and by adsorption 
on to tissues. The areas over which a response is produced by two different concentrations of 
the agent have been found experimentally to be proportional to the log. dose. Rate of spread 
is therefore proportional to the amount present, resembling in this respect processes con- 
trolled mainly by diffusion. A mathematical treatment of such processes has been given by 


Humphrey & Lightbown (1952), which predicts that the slope will be increased the longer 


the interval between injection of the test material and the reading of the reaction. 

In the case of reversed PCA the injected antibody spreads unimpeded in the skin, except 
for slight adsorption, during 3—4 hr before antigen and indicator dye are administered intra- 
venously, There is evidence that antigen—antibody combination is most damaging when 
antigen is present in moderate excess (Rosenberg, Chandler & Fischel 1958; Trapani, 
Garvey & Campbell, 1958). Since, in PCA, excess antigen is injected, this condition is 
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reached rapidly and simultaneously over the whole area and produces a reaction wherever 
antibody is present at a supraliminal concentration. A steep slope therefore results. In 
direct anaphylactic reactions, on the other hand, when graded doses of antigen are given ina 
fixed volume intracutaneously, they reach only a limited area of skin and there the reaction 
begins at once. The skin contains a uniform concentration of antibody, and, depending on 
this concentration and the amounts of antigen used, much of the antigen will combine with 
the antibody at the injection site, and will not be free to spread over a wider area. Only 
where there is excess of antigen will the chain of events leading to increased capillary perme- 
ability be started, but a large excess of antigen will not necessarily be more effective than a 
moderate excess. Furthermore, the reaction is read after 25 min, which is a very short time 
for any antigen remaining uncombined to spread over a wider area and enlarge the lesion. 
These are conditions which will produce a small slope. 

In studying passive direct cutaneous anaphylactic reactions we found that suitable doses 
of antigen were related to the amount of antibody given, and that the range was rather 
critical. In the lower dose ranges the slopes of the dose-response curves were sometimes very 
small, while at higher dose levels the curves showed a plateau. With still higher doses the 
responses consisted only of a blanched central area with a surrounding indefinite ring of 
blue. Furthermore, antibody levels vary quite widely in a group of actively sensitized 
animals; the same dose of antigen may therefore not be optimal for all the animals in the 
group. For this reason passive sensitization is to be preferred for quantitative work, although 
it perhaps resembles natural sensitization less closely than does active sensitization. The use 
of a threshold reactionr(in which the end point is the smallest dose of antigen able to produce 
a detectable lesion) has severe limitations because it gives no indication of the relation be- 
tween dose and response. An agent such as promethazine, which in our experiments reduced 
the vascular response to various different agents several fold, apparently non-specifically, 
could raise the concentration of antigen needed to produce a threshold reaction by a large 
factor, as indeed was found by Halpern e¢ al, (1956). However, there need be no quantita- 
tive relation between this increased threshold and, on the one hand, the specific inhibition 
of the anaphylactic reaction, or, on the other, the antagonism of substances acting directly, 
such as histamine and 5-HT. For example, if the level of sensitization were such that over 
a wide range of antigen test doses the effect of the antigen-antibody reaction on capillary 
permeability exceeded the threshold by a relatively small amount, a non-specific agent 
capable of raising the threshold by this amount would completely prevent the skin from 
showing a response, irrespective of the dose of antigen. 
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THE EXCITATORY ACTION OF ACETYLCHOLINE ON 
CUTANEOUS NON-MYELINATED FIBRES 
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(Received 20 July 1959) 


Some idea of the sensory pathways involved in signalling pain might 


_ be obtained from studying the pattern of sensory discharge in the different 


groups of sensory nerve fibres set up by pain-producing drugs. Some forms 
of pain are thought to be mediated by small myelinated fibres, and fibres 
of this type in cutaneous nerves are known to be excited by acetylcholine 
(Brown & Gray, 1948; Douglas & Gray, 1953)—a drug which causes pain 
when injected into the skin (Armstrong, Dry, Keele & Markham, 1953). 
It would be valuable to know whether the action of acetylcholine (ACh) 
was confined to myelinated fibres or whether it extended to the non- 


_ myelinated fibres which are also believed to signal certain painful stimuli. 


This has been the main object of the present experiments. Preliminary 
accounts of some of our findings have already been given oe & 


Ritchie, 19576; Douglas & Ritchie, 1959). 


METHODS 
The technique used to determine the presence of sensory cideeat in non-myelinated 


. fibres has already been described in detail (Douglas & Ritchie, 1957a, c). It depends on the 


setting up of an evoked antidromic compound action potential and measuirng how this 
potential is modulated by any orthodromic sensory discharge in the nerve. The more 
orthodromic sensory impulses the C fibres are carrying, the more likely it is that some of 
the descending antidromic impulses (which make up the C component of the recorded 


"antidromic. compound action potential) will be extinguished in the stretch of nerve lying 


between the stimulating and recording electrodes by ascending orthodromic impulses. 
During sensory activity in C fibres the size of the recorded C potential is reduced, and the 
extent of the reduction can be taken as a measure of the number of C fibres involved and 
their intensity of discharge. 

The experiments were carried out on cats anaesthetized with chloralose (80-100 mg/kg) 


_ after induction with ethyl chloride and ether. The details of the methods of electrical re- 


cording have been described already (Douglas & Ritchie, 1957c). A cat’s saphenous nerve 


_ was exposed and cut high in the thigh. A pair of stimulating electrodes (S) was placed near 


the cut peripheral end of the nerve and a pair of recording electrodes (R) was placed 
some 70-100 mm away on the fine branch of the nerve supplying a small area of skin 
about 10-15 cm? lying below the knee (Fig. 1). Compound action potentials were evoked 
by applying supramaximal electrical shocks of about 0-5 msec duration, regularly, 3 times 
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every 2 sec through a stimulus isolation unit. The recording electrodes measured both the 
orthodromic sensory discharge from the skin and the antidromic compound action potential. 

Drugs were injected close arterially into the area of skin through an indwelling cannula 
(28 gauge needle) in the saphenous artery (Fig. 1) by the method described by Brown & 
Gray (1948). The drugs used (acetylcholine chloride, hexamethonium chloride, atropine 
sulphate and phentolamine hydrochloride) were all given in Locke's solution (mm: NaC] 
154; KCl 5-6; CaCl, 2-2; NaHCO, 1-9; dextrose 5). Each injection was 0-2 ml. in volume 
and took 1-2 sec to complete. 


E 


SS 


Fig. 1. Diagram showing the oe of the recording (R), stimulating (S) 
and earthing (Z) electrodes together with the cannula (C) through which close 
arterial injections were made and the ligature (L£) used to. occlude the main 
artery during such injections. The recording electrodes are on the branch of the 
saphenous nerve supplying an area of skin between the knee and the ankle. This 
area, was also supplied by the branch of the superficial femoral artery into which — 
the injections were made. oe 


RESULTS 


At the beginning of any experiment the C potential usually had the 
shape of a single wave with notches in it, presumably corresponding to 
the different fibre groups described by Gasser (1950). But after stimulation 
had progressed for a few minutes, the C potential separated into two main 
components, as had been noted earlier (Douglas & Ritchie, 1957c), pre- 
sumably because slight slowing of conduction occurred in one group of 
fibres; there was no further change in the configuration of the C potential 
even though stimulation was continued for hours. For convenience we 
have called these two components the C, and C, elevations. Usually the 
faster component, the C, elevation, was by far the larger. The C, fibres 
conducted at about 1 m/sec at 37° C and the C, fibres some 10-20% more 
slowly. 

. The effect of acetylcholine on the C potential 

When ACh was given by close arterial injection into the skin, there was 
an immediate outburst of nervous activity lasting several seconds in the 
branch of the saphenous nerve supplying the injected area. Records of 
the compound action potential showed that many non-myelinated fibres 
contributed to the discharge, because for some time after the injection of 
ACh the C elevation of the compound action potential was greatly reduced 
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in size. The main effect is seen in Fig. 2a. In Fig. 2 the three lower records 
are control records of the compound action potential and show the C, and 
C, elevations; the upper records show how these elevations were affected 
by various close arterial injections. The upper record in Fig. 2a was taken 
about 1 sec after the beginning of the close arterial injection of 20 ug ACh. 
Both the C, and C, elevations are reduced in size, indicating that both the 
C, and C, fibres were excited by the drug. 


Fig. 2. The effect of acetylcholine on the two main groups of non-myelinated fibres 
in a branch of the cat’s saphenous nerve. The records are of the antidromic com- 
pound action potential and mainly show the C, and C, elevations; the A elevations 
are largely lost in the stimulus artifact. The lower of each pair of records is the 
control, The upper records were taken about 4/3 sec after the close arterial 
injection, into the area of skin supplied by the nerve branch, of (a) 20 ug ACh, 
(6) 2 wg ACh, (c) Locke’s solution. Temperature of the nerve trunk, 34° C; con- 
duction distance 89 mm; time calibration, 200 msec. 


_ Although both main groups of C fibres fired in response to ACh, the C, 
fibres proved less. sensitive. This was clearly seen in experiments using 
smaller doses of ACh. As can be seen in Fig. 2b, taken from the same 
preparation as Fig. 2a, 2 ug ACh caused a large fall in the C, elevation but 
only a small fall in the C, elevation. On some occasions (Douglas & Ritchie, 
19576) it was possible to excite most of the C, fibres with ACh without 
affecting the C, fibres: 

In these experiments the injection of Locke’s solution often produced 
some discharge in the C, fibres, as can be seen in Fig. 2c. The discharge was 
small and never chisel the greater effects produced by ACh. It was 
presumably a mechanical effect, for many C, fibres are mechanosensitive 
(Douglas & Ritchie, 1957c).. No discharge was ever detected in C, fibres 
as a result of the injection of Locke’s,solution. 


A comparison of the responses of C, and C, fibres to acetylcholine 
The discharge in’ the C, fibres appeared during the injection, reached a 
maximum within 1-2 sec of the beginning of the injection and slowly 
passed off. The sequence of events is illustrated in Fig. 3, which shows 
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Fig. 3. The time course of the excitatory effect of ACh on the C fibres in a branch 
of the cat’s saphenous nerve. The records, of the antidromic compound action 
potential, were taken from a continuous series of records obtained every 2/3 sec. 
The lower two records are the pair taken immediately before the close arterial 
injection of 20 ug ACh into the area of skin supplied by the knee branch. The 
arrows indicate the beginning and the end of the injection. The numbers at the 
side of each record indicate the time in seconds after the beginning of the injection 
at which each was taken. Temperature of the nerve trunk, 31-5° C; conductio 

distance, 86 mm; time calibration, 200 msec. ; : 
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records of the compound action potential selected from a continuous 
series taken before, during, and after the injection of 20 ug ACh. The 
effect on the C, group of fibres was much more transient. The maximal 
effect again occurred soon after the beginning of the injection; but some 
recovery usually occurred even before the injection was over, and complete 


8 


_ Size of C, elevation (% of maximum) 
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Fig. 4. A comparison of the effects of ACh on the C, and C, fibres in a branch of 
‘the cat’s saphenous nerve. The graphs in A show the time course of the effect 
on the C, fibres and the graphs in B that on the C, fibres when saline (dotted 
line), 2 wg ACh (broken line) and 20 ng ACh (continuous line) were given by 
close arterial injection into the area of skin supplied by the branch. The beginning 
of injection is marked by the arrow. Temperature of the nerve trunk, 34° C; conduc- 
tion distance, 80 mm. 


Size of C, elevation (% of maximum) 


recovery appeared to occur within a few cialis i.e. at a time when the — 
C, fibres were still discharging intensely. This difference in the responses 
of C, and C, fibres to ACh can be seen clearly when plotted as in Fig. 4, 
which shows graphically the time course of the effects of the injections of 
_ different amounts of ACh on both the C, and the C, elevations. Even when a 
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small dose of ACh was used to produce a comparatively small fall in the C, 
elevation (broken line, Fig. 4a) the response long outlasted a much greater 
fall produced in the C, fibres by a higher dose of the drug (solid line, 
Fig. 4b). Thus the C, fibres are both less sensitive to ACh and iia 
more briefly to it. 


The way in which acetylcholine excites non-myelinated fibres 

Fibres in the C, group have previously been shown to be excited by 
gentle mechanical stimulation (Douglas & Ritchie, 1957c). Since the skin 
contains smooth muscle (for example, pilo-erector muscle) it is possible 
that the discharges seen in the C, fibres after injecting acetylcholine were 
due to the drug exciting smooth muscle and so providing a mechanical 
stimulus. However, the evidence suggests that this is not the case, but 
rather that ACh acts directly on the sensory nerves. Thus the response to 
ACh was found to be little if at all affected by the presence of atropine, 
whether the atropine was given systemically some time beforehand 
(1 mg/kg) or whether it was injected close arterially into the skin (200 yg) 
immediately before the injection of ACh. These results seem to rule out 
the possibility that a muscarinic action of ACh on smooth muscle is 
involved. Further evidence against the C, fibre discharge being mediated 
indirectly by an excitant action of ACh on smooth muscle was provided 
by experiments where it was shown that hexamethonium (200 ug by 
close arterial injection), which has practically no antimuscarinic effects, 
completely abolished the response of the C fibres to a subsequent injection 
of 20 wg ACh (Fig. 5c). Hexamethonium itself did not set up any activity 
(Fig. 5b). At the time when the hexamethonium abolished the C, fibre 
response to injected ACh, the response of these fibres to stroking the skin 
persisted and appeared to be normal (Fig. 5d). . 

There is an alternative way by which ACh could excite smooth muscle 
to provide a mechanical stimulus to the sensory nerve endings and which 
would be consistent with the abolition of the effect by hexamethonium. 
This possibility is that ACh evokes the afferent discharge by exciting 
sympathetic motor elements in the skin (either peripheral ganglion cells 
or more probably the motor nerve endings themselves). But this possibility 
can be excluded, for the excitant effect of ACh on C fibres persisted when 
the sympathetic system was blocked by an adrenergic blocking agent. 
Thus, when phentolamine (Regitine) was given intravenously in a dose 
of 5 mg/kg (which according to Douglas & Gray (1953) is sufficient com- 
pletely to block the pilomotor response to sympathetic nerve stimulation) 
the response of the C fibres to ACh remained unaffected. These experiments 
seem to rule out the possibility that the discharge seen in C fibres after 
the injection of ACh is secondary to mechanical stimulation. 
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Fig. 5. Antagonism of the excitant effect of ACh by hexamethonium. Four suc- 
cessive tests are shown, each represented by a vertical series of consecutive 
records of antidromic C potentials evoked every 2/3 sec in a branch of the cat’s 
saphenous nerve. The lowest two records in each series are the controls. Records 
@ and c show the response to 20 yg ACh given by close arterial injection into 
the skin before and after 200 ug hexamethonium (given in 6). Record d shows 
the response to touching the skin, obtained immediately after record c. 


The response of the different fibre growps to acetylcholine 
It is clear that when ACh is injected into the skin, C fibres are excited 


at least as readily as A fibres. The threshold amount for eliciting a dis- 
charge in the most-sensitive C, fibres was about 2 yg; this is the same as 


that previously found by Douglas & Gray (1953) for the most sensitive 


myelinated fibres, and also was the minimal amount observed in the 
present experiments to produce an outburst of large potentials from the 
myelinated fibres in conventional standing-spot records taken on moving 
film (as in Fig. 6) accompanied by a reduction in the «, 8 and 4 elevations 


of the antidromic compound action potential. When the responses of 


both the myelinated and non-myelinated fibres to ACh and to touching 
the skin were compared, it was clear that the chemical stimulus produced 
a relatively greater discharge in the C, fibres and the mechanical stimulus 
a relatively greater discharge in the large myelinated fibres. Thus, it was 
possible to abolish the C, potential more often in the experiments where . 
the stimulus was touching the skin (as in Fig. 5, where the records show 


_ the maximal effects on the C, elevation in this preparation to touching 


the skin and to ACh). On the other hand the stimulus of touching the 
skin could always produce much more activity in the large myelinated 
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fibres than could the injection of ACh. Figure 6 shows the barrage of 
large impulses produced in a typical test of touching the skin; the dis- 
charge of large spikes is much greater than could ever be produced even 
by a large dose of ACh (200 yg). The large spikes, which predominate in 
conventional records of this type, are derived from the large myelinated 
fibres. 


Fig. 6. The different patterns of afferent activity set up by mechanical and 
chemical stimuli. The records (of a standing spot taken on moving film) show — 
the sensory: discharge recorded from the branch of the cat’s saphenous nerve 
supplying an area of skin between the knee and the ankle, (a) when the skin 
was gently stroked (during uppermost horizontal bar), and (6) when 200 pg 
ACh was injected (during middle horizontal bar). The testing antidromic action 
potentials are seen superimposed : separate records of these taken through shunted 
amplifiers showed that the C, elevation was almost equally affected by both pro- 
cedures. Lowest horizontal bar, time calibration 1 sec. 


The effect of acetylcholine on the after-potential of C fibres 

‘When ACh was given by close arterial injection, a characteristic 
broadening of the late phase of the recorded C potential was frequently 
observed during the period following the injection. This effect was some- 
times slight, as in Figs. 3 and 5, but often it was quite large, as in Fig. 7. 
_ In the experiment of Fig. 7 the records were taken on a slow time base, to 
show this late effect more clearly. It can be seen that close arterial 
injection of 200 ug ACh caused the appearance of a large tail to the C 
elevation. This effect reached a maximum size about 6 sec after the in- 
jection and lasted for more than 20sec. Because of its large amplitude 
and because it was so much longer in duration than the spike, the late 
potential could only have been due to the development of some after- 
potential. It is difficult to analyse such after-potentials in any great detail 


because the action potentials in these experiments were necessarily — 


recorded diphasically. 
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Acetylcholine could have produced these after-potentials in two ways. 
The first possibility is that the after-potentials were secondary to the 
burst of repetitive activity set up by the ACh exciting the nerve endings, 
for it is known that repetitive activity may give rise to very large after- 
potentials in C fibres (e.g. Gasser, 1950; Brown & Holmes, 1956; Ritchie & 
Straub, 1956). Such after-potential changes, however, have been demon- 
strated previously only with electrical stimulation at high rates, and there 


has been some doubt whether changes in after-potentials can occur in the 


Fig. 7. The effect of ACh on the after-potentials of the C fibres in a branch of 
the cat’s saphenous nerve. The lowest record was taken before and the upper 
records were taken 6, 20 and 26 sec after the close arterial injection of 200 ug ACh 
into the nerve-skin preparation. Temperature of the nerve trunk, 30° C; conduction 
distance 71 mm; time calibration, 500 msec; voltage calibration, 500 pV. 


absence of such electrical stimulation (Douglas & Ritchie, 1957d). This 
first possibility implies that under certain conditions the C fibres themselves 
can in fact generate impulses at a frequency high enough to produce large 
after-potentials. If this is the mechanism, it is improbable that C, fibres 
are involved, for vigorous discharges set up in these fibres by touching or by 


‘cooling the skin (Douglas & Ritchie, 1957c; Douglas, Ritchie & Straub, 1959) 
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are never accompanied by large after-potentials. Moreover, in some ex- 
periments after-potentials were produced by ACh which were accompanied 
by only comparatively feeble activity in C, fibres, judging by the relatively 
small reduction in the C, elevation. The second possibility is that the 
after-potentials arise as a result of a direct action of ACh on the axonal 
membrane under the recording electrode. In general, the experiments 
where after-potentials were particularly marked were those in which some 
of the ACh injected was seen under the microscope to reach at least one 
of the recording electrodes; the nerve blanched during the injection and 
tiny droplets of fluid were seen to form on the nerve (the branch of the 
artery supplying the skin sends minute vessels to the nerve). These latter 
observations thus give some experimental support for the second possibility, 
but it is hardly strong enough to be conclusive. We have not yet done the 
experiments which would allow us to decide which if either of these 
explanations is correct. 
DISCUSSION 

Recently Fjallbrant & Iggo (1959) have re-examined the action of ACh 
on C fibres, but were unable to confirm our finding (Douglas & Ritchie, 
19576; Douglas & Ritchie, 1959) of the powerful C fibre discharge to ACh. 
In their experiments the injections were made into the femoral artery and 
the amount of ACh which survived dilution and hydrolysis was possibly 
well below threshold. Circulation through the skin tends to be sluggish 
and unless the arterial injections are made close to it very little if any of 
the drug may reach the particular endings being recorded from. In these 
circumstances, the possibility of overlooking an effect is obviously greater 
in experiments, such as those of Fjallbrant & Iggo, where single fibres rather 
than whole populations are being studied. The question is not whether ACh 
excites C fibres, for this is clearly established by the present experiments, 
but rather the nature of the C fibres involved. Some of them may be efferent 
fibres, for according to Heinbecker, O’Leary & Bishop (1933) about 20% 
of the non-myelinated fibres in the cat’s saphenous nerve are sympathetic 
motor fibres. These might be the fibres responsible for the smaller C, 
elevation, although Gasser (1950) believes that they are not distributed in 
any single group to give rise to a discrete elevation but contribute to all 
_ the elevations of the C potential. Studies on axon reflexes (Coon & Roth- 
man, 1940) have suggested that sympathetic motor fibres in the skin may 
indeed be excited by ACh. But most of the C fibres responding to ACh 


are sensory and the bulk of them, the C, fibres, are known to be excited 


by innocuous stimulation such as soatiblng the skin (Douglas & Ritchie, 
1957c) or cooling it (Douglas et al. 1959). 

How then may these results be related to the question of pain? One old 
view is that pain may arise from intense activity in fibres which at moderate 
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frequencies of discharge signal other modalities. Although this mechanism 
is not generally accepted (e.g. Adrian, 1931) it has not been rigorously 
excluded for C fibres. Another view which has sometimes been put forward 
(see Weddell, Palmer & Taylor, 1959) is that sensation depends on the 


_ central analysis of different patterns of activity in populations of afferent 


nerve fibres set up by different stimuli. Perhaps it is significant that 
although much of the discharge set up by ACh occurs in populations nor- 
mally sensitive to innocuous mechanical stimuli, the pattern of afferent 
discharge set up by ACh is quite different from that set up by touching 
the skin: thus, for a given degree of activity in the C, fibres, touching the 
skin elicits much more activity in the large myelinated fibres than does 
injecting ACh. There remains, however, the obvious possibility that there 
are in the various groups of nerve fibres some specific pain fibres which are 
excited by ACh along with the mechano-sensitive and thermo-sensitive 
fibres. Any such specific pain fibres in the C, group must be relatively few 

in number, since the bulk of the C, fibres are sensitive to innocuous 
stimulation. Nor does it seem likely that any large proportion of the C, 
group are specific pain fibres, because it is generally supposed that such 
pain fibres respond to all forms of noxious stimulation and it has been 


found that only a small fraction, if any, of this group respond to the 


classical painful stimulus of heating the skin intensely (Douglas et al. 
1960). It has already been suggested that the C, fibres or many of them 
may not be sensory at all, but may be sympathetic motor fibres. While the 
evidence suggests that no more than a small proportion of the non- 


_ myelinated fibres in the saphenous: nerve can be specific pain fibres, it 


must be remembered that C fibres are so numerous in this nerve (according 
to Gasser (1950) they outnumber all the A fibres several times) that even 
a small fraction of them would still be a large number. 

It seems that ACh causes pain because of an indiscriminate excitant 
action on nerve endings. Clearly, if more critical information on pain is 


_ to be gleaned from studies with ieee theae drugs must be more restricted 


in their action. 


The mechanism and site of action of scstilalinbine 


The pharmacological analysis we have carried out is essentially that 
which has previously been used for the myelinated fibres by Brown & Gray 


» (1948) and by Douglas & Gray (1953). Acetylcholine seems to act on non- 


myelinated fibres directly, just as it seems to do on myelinated fibres. The 
non-myelinated fibres resemble the myelinated fibres in that their sensi- 
tivity to ACh is abolished by hexamethonium but not by atropine. 
Where and how ACh sets up activity either in the myelinated or in the 


non-myelinated nerve fibres remains unknown. 
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Many sensory nerves are excited by ACh, and it has often been suggested 
that ACh plays some part in the initiation of the sensory nerve impulse 
(e.g. Zotterman, 1953; Liljestrand, 1954). The present experiments offer 
further evidence against this possibility, for they show that the mechano- 
sensitive myelinated fibres in the cat’s saphenous nerve are like the 
mechano-sensitive myelinated fibres in the same nerve (Douglas & Gray, 
1953), the chemoreceptors in the carotid body (Douglas, 1954) and the 
baroreceptors in the carotid sinus (Diamond, 1955) in that hexamethonium 
can completely abolish their sensitivity to ACh without affecting their 
sensitivity to a physiological stimulus. 

It has been argued (Brown & Gray, 1948; Douglas & Gray, 1953) that 
ACh acts at the nerve endings, because of the many experiments reported in 
the literature where ACh has failed to set up impulses when applied to 
the nerve trunk; recently, Diamond (1959) has injected ACh intra-arterially 
into the rabbit’s sural nerve in vivo, and he has found that it failed to 
excite fibres of which the axons but not the endings were exposed to the 
drug. The present experiments, however, suggest that ACh may not be 
altogether without action on the axonal membrane. Although it may not 
initiate impulses there, it is possible that it so alters the characteristics 
of the nerve membrane to cause large after-potentials to appear after 
_ the spikes. This latter possibility is of great interest because of the repeated 
suggestions that ACh may have some part to play in the function of nerve 
membranes. Such suggestions have suffered from the fact that numerous 
experiments have always failed to reveal any action of ACh on the nerve 
membrane. This might be because the preparations used and the particular 
aspects studied were unsuitable. Because they lack an insulating myelin 
sheath, and because they are so small and thus have a large surface : volume 
ratio, mammalian C fibres have proved outstanding material for studying 
the relationship between metabolism and some of the electrical properties 
_ of the membrane (Ritchie & Straub, 1957). It is possible for similar reasons 
that mammalian non-myelinated fibres are the best material for studying 
any local action of ACh and it seems worth while to pursue this. 


SUMMARY 


1, The centripetal activity set up in the cat’s saphenous nerve when 
the pain-producing substance acetylcholine is given by close arterial 
injection into the skin has been studied. 

2. Acetylcholine was found to excite not only large and small myelinated 
fibres, but also the bulk of the non-myelinated, C, fibres. 


3. The C fibres which were most readily excited by acetylcholine 


belonged to the faster-conducting group, sensitive to touching the skin 
or to cooling it. A second slower-conducting group of C fibres, for which 
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no adequate stimulus has yet been found, also discharged in response to 
acetylcholine. The sensory significance of these discharges is discussed. 

4. Acetylcholine seems to excite C fibres, as it does A fibres, mainly by 
acting directly on them. This sensitivity, although little if at all affected by 
atropine, was readily abolished by hexamethonium. 

5. The touch-sensitive fibres, both myelinated and non-myelinated, 
continued to respond to touch when their sensitivity to acetylcholine had 
been abolished by hexamethonium. The normal physiological mechanism 
for generating impulses in all these mechano-sensitive fibres is therefore 


not dependent on a sensitivity to acetylcholine. 


6, Acetylcholine not only set up impulses in C fibres but also on occasion 
produced large after-potentials in them. The after-potential changes may 
be secondary to impulse activity, but may possibly result from some distinct 
action of acetylcholine on the axonal membrane. 


This investigation was supported by research grants (B 1093, B1319 and B 1927) from the 
National Institutes of Neurological Diseases and Blindness, of the National Institutes of 


Health, United States Public Health Service. 
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THE RATE OF FLOW AND COMPOSITION OF VARIOUS 
SALIVARY SECRETIONS IN SHEEP AND CALVES 


By R. N. B. KAY 
From the Rowett Research Institute, Bucksburn, Aberdeen 


(Received 29 July 1959) 


Sheep and cattle secrete large volumes of alkaline and well buffered saliva 
that serve to stabilize the pH and water content of the fermenting digesta 
contained in the rumen. A large fraction of this saliva is supplied by the 
parotid glands, which have been studied by many workers (Colin, 1886; 
Scheunert & Trautmann, 1921; Coats, Denton, Goding & Wright, 1956; 
Denton, 19576; Kay, 1958). The parotid glands secrete rapidly and con- 


- tinuously, but the submaxillary glands secrete little except during feeding 


periods (Colin, 1886; Scheunert & Trautmann, 1921). In addition, con- 
siderable quantities of saliva are secreted continuously by the small glands 
of the mouth (Scheunert & Krzywanek, 1929; Phillipson & Reid, 1958; 
Kay & Phillipson, 1959) but the glands which contribute to this secretion 
have not been examined in detail. | 

Sheep parotid saliva consists of a solution of sodium, potassium, bi- 
carbonate, phosphate and a little chloride (McDougall, 1948), and the 
relative proportions of these salts are affected by the rate of secretion 
(Coats & Wright, 1957) and by sodium depletion (Denton, 1956). Rela- 
tively little is known of the composition of submaxillary and sublingual 
saliva or of the secretions of the small glands of the mouth. 

More information concerning the non-parotid salivary secretions is 
required before a balanced knowledge of ruminant saliva can be gained. 
The present experiments describe the weight and histological appearance 
of the salivary glands in sheep and calves and provide data on the rate of 


_ secretion and composition of parotid, submaxillary, sublingual, inferior 


molar and palatine saliva. 
METHODS 


Conscious animals. Suffolk, Cheviot, Blackface and Shetland sheep were used. The 
Suffolks received hay ad lib. and 900-1350 g of mixed linseed and oat meals or flaked maize 
per day; the other sheep received 900 g of chopped hay and 225 g of mixed meals per day. | 

Parotid and submaxillary secretions were collected while the sheep were restrained in 
recording stands. The sheep were accustomed to this procedure, the stands were placed in 
the sheeps’ own pens and the normal feeding routine was continued. The sheep were fitted 
with rumen cannulae through which the collected saliva or an artificial saliva was returned. 

The salivary ducts were cannulated by the method described by Ash & Kay (1959). It . 
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was found that the parotid cannula and collecting tube offered little resistance to the flow 
of saliva. 15 cm saliva pressure was sufficient to give a flow of over 5 ml./min, the fastest 
flow normally encountered. The fastest flow of submaxillary saliva, observed during feeding 
periods, was about 1 ml./min. At 38° C it required a pressure of 60 cm saliva to give this 
flow of submaxillary saliva through the submaxillary cannula and collecting tube. This is 
probably higher than the pressure present in the uncannulated submaxillary duct and may 
have caused some reduction in the rate of secretion, 

Anaesthetized animals. Adult sheep and calves aged 5-8 months were anaesthetized by 
intravenous infusion of 0-9 % NaCl solution saturated with chloralose at 40° C. The parotid 
ducts were cannulated with polythene tubing immediately behind their papillae, and the 
submaxillary and sublingual ducts were cannulated beneath the jaw. In some experiments 
the remaining salivary secretions, which will be called the residual saliva, were collected as 
they dripped from the mouth and nose. Many of these samples were collected during the 
experiments reported by Kay & Phillipson (1959). Saliva was stored under liquid paraffin 
at 1° C until analysed, 

The flows of saliva were measured either by volume or by weight. Parotid, submaxillary 
and residual salivas were collected either in graduated cylinders or in weighed sample bottles. 
_ Inferior molar and sublingual secretions were measured either by weight or by recording the 
flow through graduated pipettes. The mucous secretion of the palatine glands was either 
aspirated into syringes or was soaked up with weighed swabs which were laid on the palate. 
In some cases rates of secretion are expressed as g or ml. saliva/g glandular tissue/hr (g/g. hr 
or ml./g.hr) in order to facilitate comparisons between glands and between animals. Since 
the specific gravity of saliva is about 1-01 the two expressions are virtually interchangeable. 

‘Dissection. At the end of acute experiments the animals were bled from the carotid 
arteries and the parotid, submaxillary and inferior molar glands removed, freed from 
extraneous tissue and weighed. In some cases the sublingual glands and the small mucous 
glands of the mouth were also removed and weighed. The sublingual and palatine glands 
were dissected easily from the surrounding tissues, but the pharyngeal, buccal and labial 
glands were largely embedded in muscle and an arbitrary division had to be made, the pre- 
dominantly glandular tissue being retained and the remainder discarded. This division was 
most uncertain in the case of the labial glands. 

Freezing-point measurements. Measurements were made of the freezing points of plasma 
and of parotid saliva samples taken from twelve conscious sheep. Two saliva samples were 
collected under oil, the first taken 5-10 min before feeding and the second while feeding. 
A sample of blood was drawn from the jugular vein, mixed with a trace of heparin (Liquemin; 
Roche Products Ltd.) and centrifuged under oil. Two successive measurements of freezing 
point were made under oil gn each sample with a Beckmann thermometer. The second 
reading was significantly lower than the first by a mean of 0-003° C (P < 0-05); this was 
probably due to loss of CO,. No correction was made for supercooling; instead, measure- 
ments were made of the freezing points of standard NaCl solutions that were allowed to 
supercool to the same extent as the saliva and plasma samples. The relationship obtained is 
shown in Text-fig. 1 and was used to convert the observed freezing points to their equivalent 
NaCl molarity. 


Chemical analysis. Sodium and potassium were estimated by flame photometry (Evans — 


Electroselenium). Total CO, was estimated by the micro-diffusion technique of Conway 
(1950) and is expressed as m-equiv HCO,~/l. Preliminary measurements of the pH and 
total CO, of sheep plasma and parotid saliva indicated that the CO, tension is the same in 
both fluids, so that in the parotid saliva some 1-2 mm CO, will not be ionized: Inorganic 
phosphate was estimated by the method of Fiske & Subbarow (1925), modified by using 
the reducing reagent recommended by King (1951). Phosphate concentration is expressed 
as m-equiv HPO,?-/l., although in fact the ratio of HPO,- to H,PO,- in parotid saliva 
with a pH of 8-1 (McDougall, 1948) will be 20:1, assuming the pK, of phosphoric acid to 


4 


@ 
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be 6-8 (Hitchcock & Taylor, 1938). The proportion] of monovalent phosphate will be 
higher in the less alkaline submaxillary and sublingual secretions. Chloride was estimated 
potentiometrically (Sanderson, 1952). 

Analyses of parotid saliva samples taken from Sheep 3 and Sheep 5 were done singly 
with few exceptions the remaining analyses were done in duplicate. In 50 duplicate analyses 
the standard deviation from the means of the duplicates were: Na+, +2:5%; K+, +29% 
HCO,-, +1:9%; HPO,?-, + 1-0%; Cl-, +2-2%. Where the volumes of saliva available for 
analysis were very small, as in the case of inferior molar and labial saliva samples, the 
analytical errors were greater. 


0-70 F 


Freezing point (° C) 


i i 
150 165 180 
Concentration (mM-NaCl) 


Text-fig. 1. The relation between freezing point and concentration of NaCl 
solutions as measured with a Beckmann thermometer. The — line has been 
fitted by the method of least squares. 


RESULTS 
Distribution and weight of salivary glands 


The distribution of the larger paired salivary glands of the aia is 
shown diagrammatically in Text-fig. 2. A similar distribution was found | 


_ in the calf. In six sheep and six calves all the salivary glands were dis- 


sected out, and their weights are given in Table 1. 

The inferior molar glands weré wedge-shaped serous glands lying in the 
cheeks opposite the inferior molar teeth. The glands had many lobes, each 
of which was drained by a short duct opening on the inferior non-papillated 
part of the epithelium of the cheek. 

The small mucous glands of the mouth constituted a surprisingly large 
fraction of the total salivary gland mass. The buccal glands were largely 
confined to the superior and inferior non-papillated parts of the epithelium 
of the cheek, the inferior group lying beside the inferior molar glands. About 
half of the — glands lay in the soft palate and the remainder in the 
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posterior part of the hard palate. The pharyngeal glands were fairly evenly 
distributed over the walls of the oral and laryngeal parts of the pharynx. 
Mucous glands were found on the lateral margins and root of the tongue 
and between the tongue and epiglottis and these were included in the 
pharyngeal group. The labial glands were most numerous at the corners 
of the mouth. A few scattered mucous glands could be dissected from other 
parts of the mouth. In the sheep the chief of these were the dorsal sub- 
lingual glands and they weighed less than 0-5 g. Thin sheets of mucous 
and serous glands were found under the epithelium of the nasal cavity, 
especially near the nostrils and on the dorsal surface of the soft palate. 


TI 


5 

4 

AX 
Y J 
Ka 

Text-fig. 2. The main paired salivary glands of the sheep. 1, parotid; 2, sub- 
maxillary; 3, inferior molar; 4, sublingual; 5, buccal; 6, labial. 


TABLE 1. The weights of the salivary glands in adult sheep and in calves 


6 sheep 6 calves 
Mean » Range |. Mean Range 

Body weight (kg) 43 38-50 102 71-134 
Salivary glands (g) | 

Both parotid 23-5 15-7—30-6 65-3 50-4-95-4 

Both submaxillary 18-2 11-8-24-2 64-0 47-6—84-9 

Both inferior molar 5-9 4-5— 8-7 13-5 8-5-19-5 

Both ventral sublingual 1-3 0-8— 1-6 11:3 8-5-14-7 

Both buccal 6-0 4-2— 8-8 13-1 8-5-22-0 

Palatine 8-8 5-9-12-1 17-2 13-3-19-1 

Pharyngeal 5-9 4:1— 7-1 9-1 6-4-12-9 

Labial 10-9 4-5-16-4 8-9 7-0-11-6 


In Table 2 the weights of the parotid, submaxillary and inferior molar 
glands are compared in a group of twenty-four sheep. Judging by the 
correlation coefficients, body weight was not a particularly good measure 
of the weight of the salivary glands, which varied greatly from one sheep 
to another. Body weight was a still poorer measure of the weight of single 
salivary glands, for the weights of the left and right glands of individual 


animals sometimes differed considerably. For example, in eleven of the 
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twenty-four sheep in Table 2 the weights of the two parotid glands differed 
by less than 10%, in nine they differed by 10-20%, in two by 25 and 
28%, and in two by 50 and 51%. 


TaBLE 2. The weights of salivary glands in twenty-four adult sheep 
and their correlation with body weight 


Correlation 
coefficient (r), 
salivary gland 
wt. with 
ean Range body wt. 
Body weight (kg) 4] 31-52 
Salivary glands (g) 
Both parotid 21-4 14-9-30-6 + 0-61* 
Both submaxillary 11-8—29-7 +0-51* 
Both inferior molar 5:0 2-3— 8-7 + 0-40F 


* Significant at P = 0-01; + significant at P = 0-05. 


Histological appearance. In adult ruminants the parotid, submaxillary 
and sublingual glands have been characterized as serous, mixed and pre- _ 
dominantly mucous glands respectively (Bock & Trautmann, 1914; 
Ziegler, 1927, 1929). In young ruminants, however, the parotid gland 
frequently contains groups of mucous cells (Bock & Trautmann, 1914) and 
the sublingual gland groups of serous cells (Ziegler, 1929). No report has 
been found concerning the histological appearance of the small glands of 
the mouth and so the distribution of serous and mucous cells in these 
glands was compared with their distribution in the major glands. Material 
was fixed in 10% formol-saline and embedded in wax. Sections were 
stained with haematoxylin and eosin, with haematoxylin and periodic 
acid-Schiff reagent (P.A.S.), or with haematoxylin and mucicarmine. The 
glands could be divided into three groups: : 

Group 1, Serous: parotid and inferior molar glands (PI. 1, figs. 1-4). The 
alveoli of these glands were small and the cytoplasm of the secretory cells 
did not stain with P.A.S. or mucicarmine. There were many intralobular 
ducts lined with cubical epithelium and a few smaller ducts, intercalary 
ducts, lined by flat epithelial cells. Although there were no mucous cells 
in the gland, goblet cells were present in the primary duct, sometimes in 
sufficient numbers to form an almost continuous mucous epithelium, and a 
few were found in the larger interlobular ducts. The parotid and inferior 
‘molar glands were histologically identical. : 
Group 2, Mucous: palatine, pharyngeal and buccal glands (PI. 1, 
| figs. 5 and 6). The alveoli were larger than those of the serous glands. The 
secretory cells were large and often distended with granules that stained — 
with P.A.S. and mucicarmine. No goblet cells were found in the ducts. 
The intralobular ducts were lined with flat epithelial cells. 

Group 3, Mixed: submaxillary, sublingual and labial glands (PI. 2, 
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figs. 1-6). The alveoli were lined with large cells that stained strongly 
with P.A.S. and contained granules that stained with mucicarmine. In 
the submaxillary gland the alveoli were capped by demilunes of smaller 
serous cells that did not stain with P.A.S. or mucicarmine and roughly 
equal numbers of mucous and serous cells were present. In the sublingual 
and labial glands there were fewer serous cells and only occasionally were 
they grouped to form small demilunes. In all the glands many intralobular 
ducts lined with columnar epithelium were found. There were no goblet 
cells in the ducts. | 
- Rates of secretion of saliva 

Parotid and submazillary saliva. Saliva was collected for 24 hr from one 
parotid and one submaxillary gland in eleven conscious stall-fed sheep. 
The volumes of saliva secreted are given in Table 3. The volume of parotid 
saliva secreted daily varied greatly between sheep. This variation did not 
correlate with food intake nor with gland weight (r = 0-28, not significant) 
but possibly with body weight (r = 0-57, P = 0-05). In a second series of 


TABLE 3. The volumes of parotid and submaxillary saliva 
secreted during 24 hr by eleven conscious sheep 


Saliva volume 


(ml./24 hr) 
Body Food intake (g) Parotid One 
weight = - A . weight One sub- 
Breed (kg) Hay Meals - (g)* _ parotid maxillary 
33 550s 1260 375 
Shetland 35 450 2140 310 
500 2510 310 
33 550 7:3 1760 350 
35 600 7:3 2350 225 
896.2% 2040 340 
Blackface < 44 500 wie 1940 260 
45 850 a 3030 340 
46 800 9-5 2310 185 
46 900 ae 3110 355 
49 600) 3720 340 
Mean 40 650 225 8-8 2380 310 


* Some of the sheep were still alive at the time of writing. 


experiments on six Blackface sheep weighing 41-45 kg, parotid saliva 
alone was collected and 1370-4230 ml./24 hr was obtained. When parotid 
saliva was collected from one sheep on successive days, however, the 
volume remained within fairly narrow limits (Text-fig. 4). 

The submaxillary gland secreted only about one-eighth as much saliva 
as the parotid gland. Most of this saliva was secreted during periods of 


feeding. For example, in five sheep 56-78% of the submaxillary saliva - 
collected during 24 hr was secreted during the 3-0-5-9 hr of feeding © 


time. 
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Residual and sublingual saliva. Kay & Phillipson (1959) found that after 
cannulation of the parotid and submaxillary glands the flow of residual 
saliva from the mouth under conditions of alternating rest and reflex 


stimulation was similar in volume to that of the parotid saliva. The 


ventral sublingual glands, when cannulated, were found to be secreting 
only slowly. The inferior molar glands and the small mucous glands have 
therefore been studied to see if their secretion would account for the 
residual saliva. 


40 fr Both 40r 
parotids Right parotid 

20F £220 

E40 10F 
0 0 i 

Se 2 20> : 
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Palatine Stimulate buccal nerve 
EE | | | | 
a T a T 
Jaw removed Buccal ‘nerve cut 


10 min intervals 


Text-fig. 3. The rate of flow of various salivary secretions in an anaesthetized 
sheep. On the left is shown the flow of saliva from both parotid glands and of 
the residual saliva dripping from the mouth; these flows were increased by dis- 
tension of the oesophagus (a). The jaw was then removed and saliva was collected 
from the right parotid gland, a lobe of the right inferior molar gland and from the 
palate. These flows were accelerated by distension of the oesophagus, (a), stretch 
of the reticulo‘omasal orifice (b), gentle stroking of the reticulo-rumen fold and of 
the floor of the anterior sac and the anterior pillar of the rumen (c), and stretch of 
the reticulo-rumen fold (d). Finally, stimulation of the peripheral end of the buccal 
nerve at the frequencies indicated (c/s) caused similar increases in the flows of 
parotid and of inferior molar saliva. 


Text-fig. 3 gives the result of an experiment on a sheep anaesthetized 


, with chloralose in which the parotid and submaxillary glands were cannu- 


lated and the ducts of the sublingual glands were cut to prevent the entry 
of sublingual saliva into the mouth. The rates of secretion of parotid and 
residual saliva were measured under conditions of rest and when reflexly 
stimulated by distension of the thoracic oesophagus with a condom. 
Rubbing a brush between the molar teeth and tongue, another effective 
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stimulus to parotid secretion (Kay, 1958), was also found to increase the 
flow of residual saliva. 

The rami of the mandible were then divided and the lower jaw was 
removed, leaving the cheeks and their glands attached to the upper jaw. 
The sheep was placed on its back and saliva was collected from a posterior 
lobe of one inferior molar gland, after cannulation of the duct, and from 


_ the palate. Most of the latter was secreted by the palatine glands but a 


small contribution came from the more anterior pharyngeal glands and 
the glands at the root of the tongue. 
The parotid and inferior molar glands secreted continuously and res- 


ponded equally to a variety of stimuli applied to the oesophagus and | 


reticulo-rumen. Small beads of saliva appeared over the ducts of the 
palatine glands during periods of rest, but the volume of this continuous 
secretion was small compared to that of the parotid and inferior molar 
glands. The palatine glands responded to all the stimuli that increased 
parotid and inferior molar secretion. The buccal glands and the pharyngeal 
glands that were visible were seen to respond similarly, _ the labial 
glands were not appreciably affected. 


In this sheep the saliva collected from the palate represented the 


‘secretion of about half of the total mass of the small mucous glands of the 


mouth, and so the rate of mucous secretion during oesophageal distension | 


would probably have totalled 1-2 ml./min. The weight of both inferior 
molar glands was 4-5 g, so that the rate of inferior molar secretion during 
oesophageal distension, 27-33 ml./g. hr, corresponded to a total flow of 


2-0—2-5 ml./min. The combined flow of mucus and inferior molar saliva 


thus accounted for almost all the residual saliva, which flowed at a mean 
rate of 4-5 ml./min during oesophageal distension. The parotid and inferior 
molar glands continued to secrete at a slow rate after section of the ipsi- 
lateral buccal nerve, but failed to respond to reflex stimulation. Electrical 
stimulation of the peripheral end of the buccal nerve caused both glands to 
secrete rapidly and also caused the buccal glands and some of the labial 
glands to secrete; the palatine glands were not affected. 

Similar results were obtained in four other experiments. The rate of 
secretion of the inferior molar gland, expressed as ml./g.hr, was generally 
similar to or slightly greater than that of the parotid gland, whether the 
glands were resting, denervated or stimulated reflexly or directly. The 
factors controlling secretion by the inferior molar gland therefore appear to 
be identical with those controlling parotid secretion. 

The rates of secretion of single ventral sublingual glands are given in 
Table 7. The samples were collected under conditions of alternating rest 
and reflex stimulation of the parotid from the oesophagus and reticulo- 
rumen, but no stimuli were applied to the mouth. 
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Composition of saliva 
Parotid saliva. Observations made in the present experiments on changes 


in the composition of parotid saliva of sheep caused by altering the sodium 
intake or the rate of parotid secretion wholly support the conclusions of 


Denton (1956) and of Coats & Wright (1957). For example, parotid saliva 


was collected continuously for 8 days from an adult sheep, Sheep 5, that 
had been trained to drink saliva from a bottle. During the first 4 days the 


collected saliva was returned in this manner, and the saliva K+ concen- " 


tration was found to be rising progressively. A sodium-rich artificial saliva 
(Nat, 185; HCO,-, 117; HPO,?-, 52; Cl-, 16 m-equiv/l.) was then returned 


in place of the collected saliva and the saliva K* concentration returned to — 


levels characteristic of the sodium-sufficient sheep (Text-fig. 4). 


200 ¢ 
= K* 
2 § 
BS TZ 
th | 
$ 0 1 2 3 4 5 6 7 8 9 


Days 


Text-fig, 4. The volume and composition of parotid saliva collected from a conscious 
sheep. The collected saliva was returned for the first 44 days of the experiment. 
For the second 4} days a sodium-rich artificial saliva, containing (mM) sodium 180, 
bicarbonate 120, phosphate 25 and chloride 10, was returned. Intermittent 
blockage of the cannula occurred on the last day. | : 


Ruminant parotid secretion is greatly increased during feeding. Pairs 
of saliva samples were taken at different stages of the sodium depletion- 
repletion cycle described above, the first while the sheep was idling and the 
second 5-10 min later when the sheep was eating hay. The rate of secretion 
of the second sample was 2-10 times faster than that of the first sample 
and the effect of this increased flow on the composition of the saliva is 
shown in Text-fig. 5. The greatest differences in composition between the 
samples occurred when the concentrations of Na+ and HCO,~ before 
feeding were depressed and those of K+ and HPO,?~ were elevated. 

The concentration of Na+ and K+ in parotid saliva showed a strong 
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inverse correlation and the concentrations of HCO,- and HPO,?~ showed a 
less marked inverse correlation. In Sheep 3 and 5, the two sheep that were 

studied most intensively, the correlation coefficients for Na+ and K+ were 
—0:96 and —0-97, and those for HCO,~ and were —0-70 and 
— 0:87, respectively. 

A related observation was that the total concentrations of measured 
cations and anions varied only within narrow limits and that the variations 
that did occur were not related to the rate of secretion (Table 4). It is not 
known why the total of cations was greater than the total of anions but 
this discrepancy appeared in all sheep that were examined. | 


4 
Text-fig. 5. The influence of the rate of secretion of parotid saliva on its com- 
position. Five pairs of saliva samples were collected from a conscious sheep, the 


first of each pair at a slow rate of secretion immediately before feeding, and the 
second at a rapid rate of secretion during feeding. 


Cations 


(m-equiv/l., 
mean +58.E.) 


169+ 1-1 
169 + 1-7 
171+1-4 
173 + 1-0 


TABLE 4. Total concentrations of cations (Na+ +K*+) and of anions (HCO,- +HPO,?-+Cl-) 
in parotid saliva at slow (< 4 ml./g.hr) and fast (> 4 ml./g.hr) rates of secretion in two 


Anions 


(m-equiv/l., 
mean +38.E.) 


159 + 1-0 
164 + 1-5 
164 +15 
164 + 1-0 
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da These results suggested that the parotid saliva of sheep has an almost 
ere | ¢onstant tonicity. In order to find whether the parotid saliva was isotonic 
ere | with plasma, measurements were made of the freezing points of plasma and 
ind | of saliva samples collected just before and during feeding. There was no 
significant difference in freezing point between plasma and either saliva 
‘ed | sample. The results for each of the twelve sheep studied are illustrated in 
ms | Text-fig. 6 and further relevant data are given in Table 5. 

ot Submazxillary saliva. Table 6 compares the compositions of the sub- 
ut maxillary and parotid salivas that were collected from the eleven conscious 


180 T 


Plasma (mM-NaCl) 
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Text-fig. 6. The tonicity of jugular plasma and of pairs of parotid saliva samples 
collected from 12 conscious sheep. One saliva sample (©) was collected at a slow rate 
of secretion immediately before feeding and the second (@) at a rapid rate of 
secretion during feeding. The freezing points were measured with a Beckmann | 
thermometer and converted to the equivalent concentration of NaCl according 


to the relation shown in Fig. 1. 


TaBLe 5. Freezing points of parotid saliva and plasma; mean values +8.D. 
for samples taken from twelve conscious sheep 


Rate of Freezi 
secretion Saliva f.p. Nat + K* 
(ml./min) (mm-NaCl) plasma f.p. (m-equiv/l.) 
‘Idling’ saliva 0-9 157+4-9 0-996 + 0-017 190+ 14 
‘Feeding’ saliva 7:8 158+4-5 1-003 + 0-022 183+ 6 
Plasma ines 157 + 4-6 a 158+ 6 
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sheep in which both glands were cannulated. The submaxillary saliva 
differed from the parotid saliva in that it had much lower concentrations 


_ of Na+, HCO,- and HPO,?-; the concentrations of K+ and Cl~ were about 


the same in each secretion. As a result, it had a much smaller buffering 
power. In one sheep, for example, it required only 0-3 ml. of n-HCl to 
titrate 20 ml. of submaxillary saliva to pH 5, whereas 20 ml. of parotid 
saliva required 2-8 ml. of the acid. The submaxillary saliva was mucous 
and slightly cloudy while the parotid saliva was fluid and clear. 


-Tasie 6. Composition of 24 hr collections of parotid and 
submaxillary saliva from eleven conscious sheep 


m-equiv/l. 

| “Nat K+ HCO, 
Parotid 

Mean 170 13 112. 48 11 

Range 147-185 6-31 103-125 25-64 9-16 
Submaxillary 

Mean 9 16 > 9 5 ll 

Range 4-16 10-25 5-14 2-10 7-15 


_ Five experiments on conscious sheep indicated that sodium depletion 
influences not only the composition of parotid saliva but also that of sub- 
maxillary saliva. One parotid and one submaxillary gland were cannu- 
lated and the secretions were collected for two 24-hr periods, the first while 
a sodium-rich artificial saliva was being introduced into the rumen at a 
rate of 2 1./day and the second 24 hr after starting to introduce a potas- 
sium-rich artificial saliva at the same rate. The artificial salivas contained 


180 mM sodium or potassium, 120 mm bicarbonate, 25 mm phosphate and 


10 mm chloride. The Na*:K* ratio of the parotid saliva during the first 
collection period was 20-5 (range 9-7-30-3) and that of the submaxillary 
saliva was 0-71 (range 0-50-0-90). In the second collection period, during 
sodium depletion, these ratios were reduced to 4-6 (range 2-3—9-0) for the 
parotid saliva-and to 0-25’ (range 0-15—0-42) for the submaxillary. 

Three experiments were performed under anaesthesia to study the 
influence of the rate of secretion on the composition of submaxillary saliva. 


_ The submaxillary duct was cannulated and the rate of secretion was 


controlled by electrical stimulation at various frequencies of the peripheral 
end of the divided submaxillary nerve. Text-fig. 7 shows the changes in 
composition that occurred. The sample recorded at zero flow consisted of 
the 2nd-6th drops of saliva to be collected during the first period of stimu- 
lation. This was the volume that could be massaged from the gland and so 
its composition probably approximated to that of the saliva that was lying 
stagnant in the ducts before stimulation. Considerable concentration of 
Kt, HPO,*- and, in some preparations, of Na+ occurred at zero and very 
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low rates of flow. As the rate of flow was increased to 1 g/g. hr the concen- 


trations of Na+, K+, HPO,?~ and Cl- fell. At faster flows the concentrations 
of Na+, HCO,- and Cl- increased, K*+ remained constant and HPO,?- 
continued to fall. The viscosity of the saliva increased with the rate of 
flow. 


Concentration (m-equiv/kg saliva) 


Rate of secretion (g/g. hr) 


Text-fig. 7. The composition of submaxillary saliva at different rates of secretion 
in an anaesthetized sheep. The flow of saliva was controlled by intermittent 
stimulation (5 sec on, 5 sec off) of the peripheral end of the submaxillary nerve with 
&@ square wave pulse of variable frequency. 


The composition of submaxillary saliva collected from anaesthetized 
sheep and calves during’ the experiments reported by Kay & Phillipson 


(1959) is shown in Table 7. In general the composition of the sheep 


samples was intermediate between the zero flow and the most slowly 
secreted samples shown in Text-fig. 7, as would be expected from their 
slow rates of secretion. The calf samples differed in not having high HPO,?- 
concentrations. Although the submaxillary samples collected from the 
conscious sheep had a rate of flow, 0-05—-0-10 ml./min, which was similar 
to that of the samples collected from anaesthetized sheep, their composition 
differed from the latter in that the concentrations of Na+, K+ and HPO,?- 
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were lower. This may have been due to the fact that the bulk of the 24-hr 
sample was secreted at a rapid rate during periods of feeding. 

Sublingual saliva. The composition of sublingual saliva taken from six 
sheep under chloralose anaesthesia is given in Table 7. The saliva was clear 
and very mucous. 


miei 7. The composition of submaxillary, sublingual and labial re 
collected from anaesthetized sheep and calves 


Rate of secretion m-equiv/]. 
“ml/min Net K+ HCO, 
Submaxi 
saliva, 7 sheep: 
Mean 0-10 — 042 15 26 6 54 6 
Range 0-004-0-35 0-01-1-78 3-66 15-51 1-9 14-175 2-9 © 
4 calves: 
Mean 0-05 0-05 18 33 6 1-5 9 
Range 0:01-0:08 0-01-0-08 11, 24* 24,41* 5-8 04-40 6-15 
Sublingual 
saliva, 6 sheep: 
Mean -009 0-79 30 11 12: 09 28 
Range 0-002-0-013 0-24-160 16-47 6-25 0-3-2-0f 16-40 
Labial saliva, : 
3 sheep: 
Mean — — 39 6 3 5 34° 
Range — — 29-47 39 ° 2,4f 2-10 


* 2 samples. + 5samples. ${ 4 samples. 


Residual saliva. Samples of parotid and residual saliva were collected 


from seven anaésthetized sheep and four anaesthetized calves. The sub- 
maxillary ducts were separately cannulated and the sublingual ducts were 
cut. The inorganic composition of the residual saliva in animals that were 
not sodium-depleted was similar to that of the parotid saliva (Tables 8 
and 9). At slow rates of secretion the residual saliva was fluid enough to 
form drops, but when the flow was stimulated reflexly by distension of the 
thoracic oesophagus the saliva consisted of a mucous component that 
formed thick strands hanging from the mouth, and a fluid component that 
flowed over the surface of these strands. 

Samples of palatine and inferior molar saliva were collected from sheep 
after removal of the lower jaw. The palatine saliva was clear and very 
mucous and evidently contributed to the mucous component of the residual 
saliva, while the inferior molar saliva supplied the fluid component. Both 
palatine and inferior molar salivas were generally similar to parotid saliva 
in their inorganic composition, although the palatine saliva had somewhat 
lower concentrations of HPO,?- and HCO,- and a correspondingly higher 
concentration of Cl- (Table 8). 

In three experiments labial saliva was aspirated from between the lips 


and dental pad after a period of stimulation of the buccal nerve. It was a 
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clear and mucous saliva, similar to palatine saliva in appearance, although 
its inorganic composition, given in Table 7, more closely resembled that of 
sublingual saliva. 

Similar experiments were conducted on two sodium-depleted sheep to 
determine which of the glands contributing to the residual saliva were 
affected by this condition. Sodium depletion was caused by loss of rumen 
fluid through leaky rumen fistulae. The results for one sheep are given in 
Table 8 and the second sheep behaved similarly. In both parotid and 
inferior molar saliva the concentration of Na+ was reduced.and that of K+ 
increased, but the palatine saliva remained similar in composition to the 
palatine saliva of normal sheep. As would be expected, the residual saliva 
was intermediate in composition between inferior molar and palatine 
saliva. 


TaBie 8. The composition of various salivary secretions from a 
normal and a sodium-depleted sheep under anaesthesia 


m-equiv/l. 


Normal sheep 
Parotid (resting) 3-0 g/g.hr 189 5 91 79 9 
Parotid (reflex) 7-8 g/g.hr 182 5 99 71 16 
Residual (resting) 0-7 ml./min 189 «6B 92 70 13 
Residual (reflex) _ 3-2 ml./min 174 6 107 44 14 
Inferior molar (resting) 3-3 g/g.hr 175  & 110 . 61 12 
Inferior molar (reflex) 7°8 g/g.hr 175 10 97 44 7 
Palatine (reflex) 0-5 ml./min 179 4 109 25 25 
Sodium-depleted sheep 
Parotid (resting) 1-0 g/g.hr 20 111 71 60 4 
Parotid (reflex) 1-4 g/g.hr 47 102 75 61 4 
Residual (restint) 0-3 ml./min 92 56 69 33 33 
Residual (reflex) 0-8 ml./min 130 44 89 29 31 
Inferior molar (reflex) 0-6 g/g. 42 - 99 38 87 11 
Palatine (reflex) 0-1 ml./min 171 13 56 25 45 


The composition of the saliva collected from the epithelium of the 
cheeks, a mixture of the secretions of the inferior molar and buccal glands, 
was also intermediate between inferior molar and palatine saliva, indi- 
cating that the composition of buccal saliva is similar to that of palatine 
saliva. 

In calves, ducts of the inferior molar gland were isolated and cannulated 
after making a skin incision over the lateral border of the mandible and | 
reflecting the gland dorsally. The composition of parotid, residual and 
inferior molar saliva collected from two calves:is given in Table 9. The 
parotid and inferior molar secretions were similar to each other in each 
calf, but differed between calves. — 
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TABLE 9. The composition of parotid, inferior molar and residual saliva 


in two anaesthetized calves 
m-equiv/I. 
‘Nat K+  HCO,- HPO,- 
_ Parotid 163 14 88 47 16 
FF Inferior molar 156 18 77 54 12 
Residual 162 12 66 34 55 
Calf 4 
@ Parotid 168 6 94 17 34 
. | Inferior molar 151 6 95 18 21 
Residual 165 8 75 20 50 
DISCUSSION 


The results of this investigation are summarized in Table 10. The daily 
volume of inferior molar saliva is calculated from that of parotid saliva 
on the assumption that the rate of secretion in ml./g.hr is the same for 
both glands and that the weight of the inferior molars is 25% of that of 
the parotids. The volume of saliva secreted by the small mucous glands is 
estimated by assuming that the residual saliva is about equal in volume to 
{ the parotid saliva, as has been found by Scheunert & Krzywanek (1929), 
Phillipson & Reid (1958) and Kay & Phillipson (1959), and that the small 
mucous glands and the inferior molar glands together secrete all the 
residual saliva. Ilgner (1921) reported the ratio of inferior molar to parotid 
weights to be 1:2-9 in sheep. Scheunert & Krzywanek (1929) consequently 
suggested that the inferior molar glands secreted the greater part of the 
saliva they collected from an oesophageal fistula after cannulation of both 
parotid ducts; this appears to underestimate the contribution of the small 
mucous wands. 

_ Since the volume of the residual saliva is approximately equal to that of 
ig the parotid saliva it is likely that the total. volume of saliva secreted by 
if sheep will be about twice that of the parotid saliva with an addition of 
if less than 1 1. of submaxillary and sublingual saliva, i.e. about 6—16 1./24 hr. 
: On the other hand Somers (1957) estimated the total salivary secretion 
i of sheep to be only 3-6 1./24 hr, but may not have been aware of the im- 
portance of the residual saliva. 

Like parotid saliva, the residual saliva seems to be as important in the 
control of the consistency and pH of the rumen contents as-in assisting 
| mastication and deglutition. In addition it may be a special function of . 
ie the palatine and pharyngeal glands to coat boli of food with mucus as 
they are swallowed. This mucous coat is a notable feature of boli collected 
from the cardia. The secretions of the submaxillary and sublingual glands, 
on the other hand, are much smaller in volume and only weakly buffered, 
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and so will contribute little to the control of acidity in the rumen. Colin 


(1886) and Scheunert & Trautmann (1921) have shown that these glands 
are active during mastication of food although not during rumination, and 
their chief importance may be to moisten and lubricate food during 
mastication. The little that is known of the labial glands suggests that they 
are similar to the submaxillary and sublingual glands in performance and 
function. | 

Parotid glands. The weights of both parotid glands in sheep listed in this 
paper have a range, 14-9-30-6 g, similar to that reported by Denton 
(1957c), 13:8-43-5 g, for Merino, Merino Cross and Suffolk sheep. 

The daily volumes of parotid saliva given in Table 3 are similar to those 
recorded for stall-fed sheep by earlier workers. The rates of secretion and 
the techniques employed are summarized in Table 11. 


TaBLE 11. Published data on the output of parotid saliva in stall-fed sheep 


Output/24 hr for 
one parotid Technique | Reference 
930-1840 ml. Saliva collected from one cannulated _. McDougall (1948) 
parotid duct and partially returned 3 
1-:0-4-0 1. Saliva collected from one transplanted Denton (1957 b) 
parotid papilla and replaced by a 
NaHCO, supplement 


1992-2775 ml. Saliva flow recorded alternately from each Somers (1957) — 
_ parotid with continuous reinfusion of 
saliva by an orally-directed parotid duct 


cannula 
3-91—4-24 1.* Saliva flow recorded from both parotids Stewart & Dougherty 
| with continuous reinfusion of saliva by (1957) 
orally-directed parotid duct cannulae 
1260-4230 ml. Saliva collected from one cannulated This paper 


parotid papilla and returned into the 
rumen intermittently 


* Output for both parotids. 


In cattle the volume of saliva secreted whilst feeding depends on the 
amount and coarseness of the food (Colin, 1886; Denton, 19576; Balch, 
1958). It is therefore surprising that the variable volume of parotid saliva 
collected from different sheep did not correlate with the different amounts 
of food ingested. The analysis of this variation in terms of parotid gland 
weight and body weight yielded little information but this may have been 
due partly to the small number of animals studied. Another possibility is 
that salivary secretion was inhibited to some extent as a result of restraining 
the sheep in recording stands during the period of collection and that this 
inhibition was more marked in some sheep than in others. Denton (1957) 
showed that parotid secretion was wholly inhibited in untrained sheep 
when they were forcibly laid on their sides. 
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The changes in the composition of parotid saliva caused by sodium 
depletion and by alteration of the rate of secretion further confirm the 
careful work of Denton (1956) and of Coats & Wright (1957). Denton 
(1957) found that the total electrolyte concentration of parotid saliva was 
considerably greater than that of plasma and thus regarded the saliva as — 
being hypertonic to plasma. Measurements of the osmotic pressure of the 
fluids by freezing-point determinations show that in fact the saliva is iso- 
tonic with plasma over a wide range of rates of saliva secretion and plasma 
osmotic pressure. Differences in the concentrations of unmeasured electro- 
lytes and organic solutes in the saliva and plasma presumably balance the 
difference in the measured electrolyte concentrations. The relatively 
constant tonicity of the saliva explains the strong negative correlations 
found between the concentrations of Na+ and K+, the principal cations, 
and between HCO,~ and HPO,?-, the principal anions. Even if Na+ and 
K+ were the only cations present, however, an exact inverse relationship 
would not be expected between their concentrations, for in a solution of 
constant tonicity the total concentration of Na+ and K+ will vary directly 
with the concentration of divalent anions, principally HPO,?-. 

Unlike the salivary glands of non-ruminant animals; which secrete a 
hypotonic saliva, the ruminant parotid gland does not appear to perform 
any osmotic work. For this reason it is possible that the alveoli or ducts 
are freely permeable to water. Osmotic work accounts for a large part of 
the energy expenditure of the dog parotid gland (Burgen, 1955), and to be 
spared this work may enable the ruminant parotid to achieve the very high 
rates of secretion, 7:4—32-5 ml./g.hr, of which it is capable (Kay & Phillip- 
son, 1959). The mean plasma osmotic pressure, corresponding to 157 mm- 
NaCl (0-921 g NaCl/100 g water), is somewhat lower than that obtained by 
Aldred (1940), 0-978 g NaCl/100 g water, by determinations of the vapour 
pressure of sheep blood. 

Small glands of the mouth. Zimmermann (1927) gives a detailed account 
of the appearance and distribution of the human salivary glands. Only the 
inferior molar gland of the sheep has no counterpart in man. The inferior 
molar gland resembles the parotid gland in its histological appearance, its 
innervation through the buccal nerve, its rate of secretion and reflex 
control and in the composition of its saliva. Goblet cells are found in the 


_ ducts of the inferior molar gland as they are in the parotid duct (Bock & 


Trautmann, 1914). 

The small mucous glands of the sheep are similar to the small human 
salivary glands in their distribution but differ to some extent in their 
relative sizes and in histological appearance. The ruminant is not excep- 
tional in secreting large volumes of residual saliva. Montgomery & Stuart 
(1936) showed that the labial, molar, palatine, and other mucous glands of 
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dogs readily respond to chemical and mechanical stimulation of the mouth 
and to conditioned stimuli. One conscious dog with bilaterally cannulated 
parotid and submaxillary glands secreted up to 5-85 g of mucus from an 
oesophageal fistula and up to 19-38 g of parotid and submaxillary saliva 
in 5 min. The palatine glands of cats, rabbits, guinea-pigs and rats also 
secrete considerable quantities of mucus (Cohen & Myant, 1959). 
Although the microscopic appearance of the palatine glands of the sheep 
is so different from that of the parotid gland the inorganic composition of 
palatine saliva differs from normal parotid saliva only in containing rather 


more Cl- and proportionately less HPO,?- and HCO,~. In sodium-de- 


pleted sheep this similarity disappeared, for the Na+ of palatine saliva 
remained at a high level although that of the parotid saliva had largely 
been replaced by K+. The buccal glands behaved in the same way, and so 
the small mucous glands of the mouth will continue to supply substantial 
quantities of Na+ to the rumen despite dietary sodium deficiency. 

The approximately isotonic nature of palatine saliva may be related to 
the absence of intralobular ducts lined with columnar epithelium, for 
Bro-Rasmussen, Killman & Thaysen (1956) and Burgen & Seeman (1958) 
have presented evidence suggesting that these ducts are responsible for the 
hypotonicity of human and dog saliva. In sheep also a hypotonic saliva 
is secreted by the submaxillary, sublingual and labial glands, which contain 
such ducts. | 

Submaaxillary glands. These are the only mixed mucous and serous glands 
of any size in the sheep. The composition of sheep submaxillary saliva and 
the manner in which the composition changes with the rate of secretion are 
similar to those found for the submaxillary glands of the dog (Gregersen & 
Ingalls, 1931) and cat (Langstroth, McRae & Stavraky, 1938) while the 
changes in the Na*+:K+ ratio during sodium depletion compare with 
variations in the Nat*:K*+ ratio of human mixed saliva that are found 
under conditions of adrenal cortical overactivity and insufficiency 
(Frawley & Thorn, 1951), The volume of submaxillary saliva secreted in 
24 hr was only about one eighth of that secreted by the parotid glands and, 
as was found by Colin (1886) and by Scheunert & Trautmann (1921), most 
of it was secreted during feeding periods. 

The composition of submaxillary saliva collected from anaesthetized 
calves is generally similar to that reported by Mangan (1959). As in the 
case of sheep, the submaxillary saliva secreted by conscious calves may be 
rather different in composition. 

Sublingual glands. These small glands probably secrete little saliva. The 
fastest rate of secretion recorded by Kay & Phillipson (1959) was 0-033 ml./ 


min for a single sublingual gland, equivalent to 95 ml./24 hr for both 


glands. This flow occurred during distension of the oesophagus, a stimulus 
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unlikely to increase sublingual secretion as much as feeding. However, 
feeding only occupies a small fraction of the day in stall-fed sheep and so 
the daily volume of sublingual saliva is unlikely to exceed 100 ml. 
(Table 10). In cattle, where the sublingual gland is relatively larger than 
in sheep, Colin (1886) reports that 18-20 g of sublingual saliva is secreted 
per hour. This corresponds to 864-960 g/24 hr for both sublingual glands, 
a very small part of the total salivary secretion of 56 kg/24 hr. 


SUMMARY 


1. The weights of the salivary glands of sheep and calves were measured. 
The small serous and mucous glands of the mouth constitute a considerable 
part of the total salivary gland mass. The distribution and histological 
appearance of the glands are described. 

- 2. In conscious sheep 1260-4230 ml. of parotid saliva and 185-375 ml. 
of submaxillary saliva were collected from single glands per day. The 
compositions of these secretions are compared. 

3. The changes in the composition of parotid saliva caused by sodium 


_ depletion and by changing the rate of secretion that have been reported by | 


previous workers are confirmed. 

4. Measurements of the freezing point of parotid saliva and plasma 
indicate that the two fluids are isotonic. : 

5. The serous inferior molar glands appear to be identical with the 
parotid glands in their histological appearance and in their rate of secretion. 
Inferior molar saliva is similar to parotid saliva in composition. 

6. The submaxillary, sublingual and labial salivas contain much lower 
concentrations of Nat, HCO,- and H,PO,?- than parotid saliva. The 
Nat+:K+ ratio of submaxillary saliva is depressed by sodium depletion 
and the composition of the saliva is considerably influenced by the rate of 
secretion. 

7. The mucous secretions of the palatine, buccal and pharyngeal glands 
are increased by stimuli which increase parotid and inferior molar secre- 
tion. The inorganic composition of palatine saliva is similar to that of 
parotid saliva except that there is little or no fall in the Na* concentration 
during sodium depletion. | : 

8. The daily volumes of saliva secreted by different glands are 
estimated. 

This work was begun at the Physiological Laboratory, University of Cambridge, during the 
tenure of a Research Studentship and a research grant from the Agricultural Research 
Council. I am indebted to Mr D. Pollock and Mr J. E. Rae for technical assistance in sub- 


sequent work at the Rowett Research Institute and would like to thank Mr B. F. Fell and 
Mr J. Bruce for helping to prepare and photograph the histological sections. | 
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EXPLANATION OF PLATES 


5» sections of salivary glands fixed by perfusion of the head with 0-9 % NaCl solution 
followed by 10 % formol-saline. 

PLATE | 
Figs. 1 and 2, parotid gland; figs. 3 and 4, inferior molar gland; haematoxylin-eosin. Closely 
packed serous cells and occasional ducts lined with cubical epithelium are present in both 
glands. Figs. 5 and 6, palatine gland; haematoxylin-eosin. Large mucous cells line the 
alveoli and occasional ducts with a flattened epithelium are present. 


3 PLATE 2 
Figs. 1, 3 and 5, submaxillary, sublingual and labial glands respectively; haematoxylin- 
P.A.8. Intralobular ducts are relatively abundant, and appear as lightly stained areas 
within the P.A.S.-positive alveolar tissue. Figs. 2, 4 and 6, submaxillary, sublingual and 
labial glands, respectively; haematoxylin-eosin. Deeply stained serous cells are numerous 
in the submaxillary gland but infrequent in the sublingual and labial glands. 
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THE DEVELOPMENT OF PAROTID SALIVARY SECRETION 
IN YOUNG GOATS 


By R. N. B. KAY 
From the Rowett Research Institute, Bucksburn, Aberdeen 


(Received 12 August 1959) 


The saliva of ruminant animals plays an important part in the control 


_ of the acidity and consistency of the contents of the reticulo-rumen sac. 


In the suckling ruminant, milk by-passes the reticulo-rumen by way of the 
oesophageal groove and flows directly into the abomasum, and the rumen 
remains small and contains only fluid until the animal starts to eat sub- 
stantial quantities of solid food when 3-4 weeks old. A large salivary 
secretion is not necessary in the young animal that relies on milk for its sus- 
tenance, and indeed might tend to neutralize the acidity of the abomasal 


contents. 


We know that in young calves the parotid glands secrete very little 
saliva (Krinitsin, 1940; Kay, 19585) although in adult sheep these glands 
supply about half of the estimated total salivary secretion (Kay, 1960). 
More detailed information concerning the flow and composition of saliva 


in young ruminants was desirable, and a study of the development of 


parotid secretion in young goats was therefore undertaken. A preliminary 
account of this work has been published (Kay, 1958). 


METHODS 


Acute experiments were conducted on twenty-four British Saanen goats of either sex 
and 2-487 days old. They were fed on milk by bottle until 2-3 months old, and in addition 
most received hay ad lib. and mixed meals from about 3 weeks. Examination of the rumen 
contents post mortem showed that the goats began to consume small quantities of the straw 
on which they were bedded when about 1 week old and that by 3 weeks the rumen was full 
of this material.. Rumination was observed to begin when the goats were 2-3 weeks old. 

Anaesthesia was induced and maintained by the intravenous infusion of NaCl solution 
0-9 % (w/v), saturated with chloralose at 40°C. An attempt was made to maintain anaes- 
thesia at such a level that weak flexor reflexes could be obtained from the limbs. In practice 
the depth of anaesthesia was sometimes sufficient to abolish flexor reflexes altogether, and 
at other times permitted brisk responses. Variation in the depth of anaesthesia over this 


range was associated with considerable variation in the resting rate of secretion of the © 


innervated parotid gland, but had little influence on the flow from the reflexly stimulated 
gland or the resting gland after section of the parotid nerve, or on the flow caused by electrical 
stimulation of this nerve. 

One or both parotid ducts were cannulated with pls this tubing immediately behind 
the papilla. The saliva was collected under oil and the rate of secretion was determined by 
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weighing the sample. The parotid nerve was isolated either beside the parotid duct or be- 
neath the masseter muscle before it joined the duct. The peripheral end of the nerve was 
stimulated with a square-wave pulse applied by bipolar Rerspex-shielded platinum electrodes. 
At the end of the experiment the parotid glands were dissected out, freed from extraneous 
tissue and weighed. 

Sodium and potassium were estimated by flame photometry (Evans Electroselenium). 
Total CO, was estimated by the microdiffusion method of Conway (1950), inorganic phos- 
phate by the method of Fiske & Subbarow (1925) modified by use of the reducing agent 
recommended by King (1951), and chloride by the potentiometric method of Sanderson 
(1952). Estimations were done in duplicate where volumes permitted. The accuracies 
achieved have been described previously (Kay, 1960). 


RESULTS 
Parotid gland weights. The combined weight of both parotid glands in- 
creased linearly both with body weight and with age. This is shown in 
Text-fig. 1. The slope of the regression of parotid weight (g) on body weight 
(kg) was 0-72 and that of the parotid weight (g) on age in days was 0-063. 
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Text-fig. 1. The relation of the combined weight of both parotid glands to body 
weight and age. . 


Rates of secretion. In most experiments four samples of saliva were 
collected from one or from each parotid gland. The first was collected 
without the application of any stimulus to secretion, and the second while 
the thoracic oesophagus was distended with either a rubber tube or a 


: balloon introduced through the mouth. Oesophageal distension has been 


shown to be powerful stimulus to parotid secretion (Kay & Phillipson, 
1959), The parotid nerve was then cut, a third saliva sample was collected 
from the resting gland and a fourth sample during electrical stimulation 
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of the peripheral end of the parotid nerve. A swift and well maintained flow 
of saliva was obtained with a stimulus having a frequency of 7 pulses/sec 
and a pulse duration of 1 msec. 

The rates of parotid secretion at different ages are shown in Text-fig. 2. 
The rates in goats less than 5 weeks old remained relatively low. The 
reflexly and electrically stimulated flows ranged from less than 1 to 12g 
saliva/g parotid gland per hour and the flow from the resting gland after 
section of the parotid nerve did not exceed 0-1 g/g.hr. Frequently the 
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Text-fig. 2. Above, rate of secretion of parotid saliva at different ages by unstimu- 
lated glands; ©, parotid nerve intact; @, nerve cut. Below, rate of secretion 
from glands stimulated reflexly ©, and electrically @. The stimulus to reflex 
secretion was distension of the thoracic oesophagus. 


flow from the resting gland stopped altogether. This was always due to a 
plug of mucus blocking the cannula, for when the obstruction was dis- 
lodged by gentle massage the flow recommenced. During the second and 
third months the rates of secretion gradually increased so that the parotid 
glands of goats more than 3 months old secreted at rates of 15-37 g/g.hr 
when reflexly or electrically stimulated and 0-6—2-1 g/g. hr from the resting 
gland after section of the parotid nerve. 


In some goats it appeared that the parotid nerve did not contain all the. 


secretory fibres that reached the gland, for section of this nerve did not 


always fully abolish the reflex responses. In the most extreme instance 
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encountered, in which oesophageal distension increased the flow from the 
innervated gland sixfold, the same stimulus still caused a threefold increase _ 
after the parotid nerve had been cut. In previous studies on sheep (Kay, 
19586) section of the parotid nerve had always wholly abolished reflex 
parotid secretion. | 
In four of the older goats one parotid ae was cannulated under 
Nembutal (pentobarbitone; Abbott Laboratories) anaesthesia by the 
method described by Ash & Kay (1959) on the day before the acute 
experiment. The following morning, before the induction of anaesthesia, 
each goat was placed in a recording stand and two samples of saliva were 
collected, the first immediately before feeding and the second while the goat 
was eating mixed meals. The excitability and rates of feeding of the goats 
varied considerably. In Table 1 the rates of secretion of these samples are 


TasLe 1. The rates of parotid secretion in goats before and after anaesthesia 
_ Rate of secretion (g/g. hr) 


Anaesthetized 
Conscious 
A Reflexly 
Age (days) Resting Feeding Resting stimulated | 
54 0-9 72 3-7 4-9 
68 3-7 7-4 5:5 16-5 
124 10-4 43-1 13-4 24-3 
487 3-6 12-9 1-7 17-9 


compared with those of the unstimulated and reflexly stimulated samples 
collected later under anaesthesia. Although there was a general cor- 


-respondence for each goat in the rate of the resting flow when conscious 


with that of the resting flow when anaesthetized, and similarly for the 
rates of the reflexly stimulated flows when conscious and anaesthetized, 


‘this was not marked, possibly as a result of variation in excitability before 


anaesthesia and in the.depth of subsequent anaesthesia. 

Saliva composition. The composition of the saliva varied considerably 
with the rate of secretion er fig. 3) and to a lesser extent with age (Text- 
fig. 4). 

There was no consistent dian in the concentrations of sodium or 
potassium with either rate of secretion or age. Total CO, concentration 
varied greatly with the rate of secretion; with few exceptions it remained 
below 40 m-mole/kg saliva when the flow was less than 1 g/g.hr and 
increased to 50-130 m-mole/kg at flows greater than 3 g/g.hr. Inorganic 
phosphate concentration, conversely, was high (25-100 m-mole/kg) at the 
slower rates of secretion and low (10-60 m-mole/kg) at the faster rates of 
secretion. There was rather less phosphate in the saliva of goats less than 
3 weeks old than in that of older goats. Chloride concentration did not 
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200 


Concentration (m-equiv/kg saliva) 


Flow (g/g . hr) 


22 days old 


Text-fig. 3. The variation in the composition of parotid saliva with rate of secretion 
in a young goat (left) and an adult goat (right). The four samples collected in each 
experiment were taken when the parotid gland was (a) unstimulated and inner- 
vated, (b) reflexly stimulated by distension of the thoracic oesophagus, (c) un- 
stimulated after section of the parotid nerve and (d) during electrical stimulation of 
the peripheral end of the parotid nerve. 


d 


268 days old 


Text-fig. 4. The concentrations of bicarbonate, phosphate and chloride in the 
parotid saliva of goats of different ages. O, flow > 3 g/g.hr; @, flow < 1 g/g.hr. 
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vary consistently with the rate of secretion but fell from 40-90 m-mole/kg 
in goats less than one week old to 25-60 m-mole/kg at 1-3 weeks and 
10-40 m-mole/kg in older goats. 

The composition of saliva obtained from the conscious goats was similar 
to that of samples obtained later from the same goats under anaesthesia 
at comparable rates of secretion. 

Histological appearance. Sections from the parotid glands of seven 
goats were stained with haematoxylin and eosin. In four of the goats, 
aged 106, 124, 276, and 487 days, the appearance of the gland was 
typically that of the adult ruminant (PI. 1, fig. 3). The secretory tissue 
consisted of masses of serous secretory ceils through which ran occasional 
intralobular ducts. The serous cells contained numerous cytoplasmic 
granules and their nuclei occupied only a small fraction of their volume. 
The parotid glands of two goats aged 6 and 17 days presented a wholly 
different appearance (PI. 1, fig. 1). Intralobular ducts were numerous 
and the remaining volume of the gland was largely occupied by structures 
that were either smaller ducts or developing alveoli. The cells lining the 
smaller ducts and alveoli and filling the intervening spaces were smaller 
than the serous cells of the adult parotid and few or no granules were | 
presenit in their cytoplasm. The parotid gland of a 68-day-old goat was: 
intermediate in appearance (PI. 1, fig. 2). 


DISCUSSION 


The of the goat is physiologically and histologically 
immature at birth and only reaches maturity at about 3 months of age. 
The ability to secrete is especially poorly developed during the first 5 weeks 
of life, when there is almost no continuous secretion and the response to 
stimulation is only about one third of that of an equal weight of adult 
parotid tissue. In young calves also the parotid glands secrete slowly if at 
all (Epaneshnikov, 1935; Kay, 1958) and it is possible that they develop 
less rapidly than in the goat for Kay & Phillipson (1959) found that the 
maximum rate of secretion by reflexly stimulated parotid glands (ml./g.hr) 
is considerably less in calves from 4 to 8 months old than in adult sheep. 
Epaneshnikov (1935) found that the onset of continuous parotid secretion 
in calves coincides with the change from milk to vegetable diet. : 

Nevertheless the composition of the parotid saliva in young goats, 
allowing for the slow rate of secretion, is similar to that of adult goats. It — 
differs only in that a small part of the phosphate is replaced by chloride 
in goats less than 3 weeks old. Dancis, Grobow & Boyer (1957) found simi- 
larly that the chloride concentration of the mixed saliva of infants is 
considerably higher than that of older children, although it is not. clear 


from their results whether the —" in the chloride level is independent 
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of changes in the rate of secretion and in the relative contributions of 
different glands. 

Histologically the alveolar cells of the young goat’s parotid gland 
appear relatively undifferentiated and form a smaller proportion of the 
total glandular mass than in the adult. The period during which these 
cells become differentiated corresponds to the period during which the 
rate of secretion of the gland is increasing. Their small number and im- 
maturity in the young animal thus probably account for the poor secre- 
tory performance of the gland. The occasional mucous cells and alveoli 
found in the parotid glands of young sheep by Bock & Trautmann (1914) 
were not seen in the present study. 

Sufficient solid food was being consumed by the goats when 3 weeks old 
to fill their forestomachs and permit rumination. The onset of ruminal 
digestion introduces nervous and possibly humoral factors which may aug- 
ment self-differentiation (Borghese, 1950) and inductive processes in 
determining the rate of growth and differentiation of the parotid gland. 
The chewing of solid food, rumination and the presence of digesta in the 
forestomach will cause reflex stimulation of the parotid gland from the 
‘sensory areas of the mouth, oesophagus and forestomach (Clark & Weiss, 
1952; Kay 1958b; Ash & Kay, 1959) that will have been almost wholly 
lacking when only milk was consumed. The existence of a humoral factor 
influencing parotid secretion was claimed by Krinitsin (1940), who showed 
that the rate of secretion of the denervated parotid gland declines little 
in calves that are fed normally but almost ceased in calves that fasted for 
5 days following bilateral vagotomy. He concluded that absorbed pro- 
ducts of digestion normally regulate the rate of secretion of the dener- 
vated gland. 

Calves may be weaned to solid food when only a few weeks old and | in 
normal practice the transition from liquid to solid food is gradual. If 
the change is made abruptly when the calves are 2-5 weeks old digestive 
disorders such as bloat and diarrhoea sometimes occur, and the acidity of 
the rumen contents often falls to below pH 5 (T. R. Preston, personal 
communication). It seems possible that insufficient saliva i is secreted at 
these ages to play its normal part in neutralizing the acidic products of 
rumen fermentation. 

SUMMARY | 

1. The rate of secretion and composition of parotid saliva were studied 
in anaesthetized goats that were 2-487 days old. 

2. In goats less than 5 weeks old there is very little resting secretion and 
the stimulated rates of secretion, per gram parotid tissue, are only about 
one third of the adult rate. The rates of secretion er increase to 
reach the adult level in 3-month-old goats. 
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3, The concentrations of bicarbonate and phosphate in the saliva 
vary considerably with the rate of secretion. The concentration of chloride 
is above adult levels for the first 3 weeks. 

4. In goats less than 3 months old the parotid gland is histologically 
immature. 


I wish to thank Mr D. Pollock for technical assistance and Mr B. F. Fell and Mr J. Bruce 
for helping to prepare and photograph the histological material. 
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EXPLANATION OF PLATE 


Sections of goat parotid glands, fixed in 10% formol-saline and stained with haematoxylin- 
eosin. Fig. 1, parotid gland of 6-day-old goat; fig. 2, dba gland of 68-day-old goat; 
fig. 3, parotid gland of 106-day-old goat. 
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A STUDY OF THE MECHANISM OF PASSIVE SENSITIZATION 


By J. L. MONGAR anv H. 0. SCHILD 
From the Department of Pharmacology, University College London 


(Received 29 July 1959) 


Isolated guinea-pig lung which is incubated with antibody becomes — 


passively sensitized, and if it is subsequently treated with antigen it 
releases histamine (Mongar & Schild, 19576). In the present work this 
system has been employed to investigate the passive sensitization reaction. 

Antibodies are y-globulins, and it seemed possible therefore that non- 
antibody y-globulins would compete with them and thus interfere with 
passive sensitization. It was found, indeed, that y-globulins inhibit, and 
under some circumstances reverse, passive sensitization of isolated guinea- 
pig lung. The effects of temperature, metabolic inhibitors and altered ionic 


environments on passive sensitization have also been studied. Other - 


workers have in the mean time investigated independently the effects of 

y-globulins on passive skin sensitization and on the passively induced 
Dale-Schultz reaction. Each of these investigations has already been 
briefly reported (Biozzi, Halpern & Binaghi, 1958; Halpern, Liacopoulos, 
Liacopoulos & Binaghi, 1958; Mongar & Schild, 1959). 


METHODS 
Preparation of lung tissue. Albino guinea-pigs weighing 400-600 g were killed by a blow 


on the head; the lungs were removed and in some experiments perfused through the pul- 


monary artery for 5-10 min until the effluent was clear. Longer-lasting perfusions, of 
20-30 min, were carried out in those experiments in which the effect of perfusion on sub- 
sequent passive sensitization was studied. The lungs were cut into slices of about 5 mm 
thickness. The primary bronchi and patches of lung which had not been perfused free from 
blood were excluded. The slices were placed on two thicknesses of hard filter paper and cut 
into rods of 0-8 x 0-8 mm cross-section with the McIlwain tissue chopper (McIlwain & 
Buddle, 1953). The lung particles were suspended in about 500 ml. Tyrode solution, stirred 
for a few minutes, filtered on a coarse sintered-glass funnel and freed from excess liquid by 
gentle suction. They were then divided into 12-18 uniform samples of 0-1—0-2 ml. volume 
with the aid of a Perspex sampler previously described (Mongar & Schild, 1953). 

Passive sensitization in vitro. The samples were suspended in 2 ml. of Tyrode solution 
containing either 2% rabbit antiovalbumin serum or 5 % guinea-pig antiovalbumin serum, 
in 10 ml. tall beakers. The beakers contained a glass bead and were gently rocked in a thermo- 
statically controlled bath at 38° C, or some other temperature, for periods varying from 15 min 
to 10 hr. In a few experiments the beakers were left at room temperature or at 4° C up to 
50 hr with occasional shaking. In experiments lasting for more than 2 hr, chlortetracycline 
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(0-01 mg/ml.) was generally added; control experiments showed that this had no effect on 
passive sensitization. 

Inhibitors of passive sensitization were allowed to equilibrate with tissue for 15 min before 
addition of antibody, except for y-globulins and other proteins which were applied together 
with antibody. Before testing for histamine release with antigen the inhibitors were 
removed by repeated washing with Tyrode solution and suitable checks were made to 
ascertain that they did not produce persistent effects which might interfere with histamine 
release. 

In some experiments passive sensitization was carried out in vivo by injecting 1 ml. 
guinea-pig antiovalbumin serum into the ear vein of guinea-pigs. The calculated ratio, 
antibody :non-antibody y-globulin in the circulation immediately after intravenous — 
was about 0-01. 

Histamine release. The amount of histamine released by the antigen was used as a measure 
of passive sensitization. Histamine release and bioassay were carried out as follows. After 
sensitization the antibody solution was sucked off with a pipette fitted with a small cup 
plugged with cotton wool. The tissue was then washed with 1 ml. Tyrode solution to remove 
excess antibody and finally 2 ml. antigen solution (1 mg/ml. ovalbumin in Tyrode solution 
at 38° C) was added. This was left in contact with the tissue for 15 min, during which time 
histamine release is about 90% completed. The antigen was always applied at 38° C even 
when sensitization was carried out at a different temperature. In such cases the tissue was 
first brought to 38° C for a minute or so and the antigen then added. Control experiments 
showed that lengthy incubation of tissue at a low temperature did not affect its ability to 
release histamine with the antigen. Thus samples of actively sensitized chopped lung which 
had been left standing in Tyrode solution for 4 hr at 0, 22 or 38° C released the same amount 
of histamine at 38° C afterwards. 

Histamine determinations were carried out on the atropinized guinea-pig ileum by means 
of automatic assay apparatus, with 1 ml. jacketed organ baths and a technique of complete 
replacement of the bath fluid by the test solution (Boura, Mongar & Schild, 1954). As a rule 
all determinations were carried out on duplicate lung samples. After a preliminary assay the 
test solutions were diluted so as to be approximately equally active. They were then assayed 
in batches from 6 to 12, applied consecutively, and then in reversed order, flanked on both 
sides by three doses of the standard. The histamine equivalent of the test solutions was 
estimated by interpolation and assuming a uniform change of sensitivity with time. Each 
test solution was administered at least four times. To determine the histamine content of the 
lung particles they were heated in 10 ml. Tyrode solution for 5 min in a we water-bath 
and the supernatant assayed. 

Materials used. Antiovalbumin serum from two rabbits injected with 100 mg ovalbumin 


_ at intervals of 3—4 days was used for passive sensitization. Nine injections were given ; three 


intraperitoneally, three intravenously and three more intraperitoneally. The animals were 
bled one week after the last injection. The antibody content of the combined sera was 
8 mg/ml. when titrated with ovalbumin by the procedure of Kabat & Mayer (1948). Guinea-_ 
pig antiovalbumin serum was obtained by injecting 20 mg ovalbumin subcutaneously in 
incomplete Freund’s adjuvant. The animals were bled 3 months later. The serum contained 
5mg/ml. antibody. In one experiment rabbit y-globulin containing 40% antibody to 
pneumococcus type III polysaccharide was used (kindly supplied by Dr J. H. Humphrey). 

Human y-globulin, kindly supplied by Dr W. d’A Maycock of the Lister Institute of 
Preventive Medicine, contained 96% y-globulin and 2-5% £-globulin (batch EG105, 
fraction G4). Human albumin obtained from the same source was about 99 % ‘pure (batch 
EPA 133, fraction AP 3). The bovine y-globulin used was a commercial sample obtained from 
Armour and Co, Ltd. (plasma fraction II, batch BF 0270). Rein 
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RESULTS 
Time course of passive sensitization : 
effect of temperature 

Chopped lung was incubated with antibody for different times and then 
treated with antigen. Figure 1 (top curve) shows the amounts of histamine 
released after incubation of lung with antibody at 38° C for varying times. 
The releases increase at first linearly with time, reaching a maximum after 
about 3 hr. The rate and maximum of sensitization—in terms of lung 
histamine released per cent—varied considerably in different preparations, 
even though the same antibody was used (Table 1). 


Histamine release (%) 


Incubation (hr) 


Fig. 1. Time course of passive sensitization of guinea-pig lung particles incubated © 
with 2% rabbit antiovalbumin serum in Tyrode solution at 38 and 1° C. In this — 
and subsequent figures the ordinate represents tissue histamine (%) released at 
38° C when the lung was treated with antigen (ovalbumin 1 mg/ml.) after passive 
sensitization. 


No histamine was released unless the tissue was incubated with antibody 
alone for some time. In experiments in which antigen was applied within 
10 sec of antibody no significant histamine release occurred, although the 
ratio of concentrations of antigen and antibody was varied twenty-fivefold. 
The influence of temperature on the rate of sensitization is shown in 
Fig. 1. It is seen that the initial rate at 1° C is only 6% of that at 38° ©. 
The final sensitization achieved is however independent of temperature. 
Figure 2 shows that in order to achieve the same degree of sensitization 
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TaBLE 1. Passive sensitization of non-perfused chopped guinea-pig lung particles with rabbit 
antiovalbumin serum; 0-2 ml. tissue incubated at 38°C with 2 ml. 2% serum in Tyrode 
solution for varying times (hr). Histamine release as per cent of tissue content 


Histamine Histamine 
Expt. Time release Expt. Time release 
n no. hr) (%) no. (hr) (%) 
0 0-2 7 3 32 
5 } 0-6 6 32 
1-3 
42 8 1} 17, 19 
2 10-8 3 30, 32 
1g 4 19-2 6 45, 46 
8, 9 10, 11 
2 7°5 2 22, 25 
4 29, 29 
3 t 1-0 6 17, 23 
| 10 } 31, 3-3 
| 6-8 l 6-6, 7°6 
2 22, 23 
4 } 0 4 22, 27 
1 1-3 6 24, 25 
. ll 1 19, 20 
2 5 2 16 2-1 29 
} 4 29 3-5 36, 50 
l 16 
3 45 
30K 38° C 
2 
y | 
n 
ie 
1. 
10 20 30 40 50 
Incubation (hr) 
Fig. 2. Passive sensitization with rabbit antibody at different temperatures. The 


points at 22 and 38° C are from the same lung and those at 4° C from a different lung. 


a 


550 J. L. MONGAR AND H. O. SCHILD 


the following times are required: 2} hr at 38° C, 25 hr at 22° C and 50 hr 
at 4° C, 

In some other experiments lung tissue was incubated with antibody for 
a fixed time. Figure 3 shows histamine releases after incubation of lung 
with rabbit antibody for 4 hr at temperatures varying from 3 to 41°C. 
Incubation below 20° C produced little sensitization ; between 30 and 40° C 
sensitization increased steeply, reaching a maximum at about 40°C. 


Histamine release (%) 


20 Fr 


l L 
10 20 30 40 
_ Temperature (°C) 


Fig. 3. Passive sensitization after 4 hr incubation of guinea-pig lung 
particles with rabbit antibody at different temperatures. 


Incubation above 40°C produced a smaller histamine release, but this 
may have been due to damage to the anaphylactic mechanism (Mongar & 
Schild, 19576) rather than to diminished fixation of antibody. Several 
experiments were performed, all — a generality similar temperature 
dependence (Table 2). 

In order to measure the temperature cwalliclet of passive sensitization 
the sensitization rate was measured at 30 and 35°C. From the slope of 
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the curves of histamine release against time of incubation Q,, values of 
3-5-7-4 were calculated. These results are shown in Table 3. (In an earlier 
preliminary communication (Mongar & Schild, 1959) the Q,, was deter- 
mined directly from the slope of the plot of histamine release against 
temperature, which gave the rather high value of 10.) 


Taste 2. Histamine release by antigen after passive sensitization of non-perfused 
guinea-pig lung with rabbit antibody at various temperatures 


Histamine 
Expt. Time . Temp. release 
no. (hr) (°C) (%) 
1 2 30-1 3-2 
33-3 5-9 
36-1 19 
38-2 34 
40-0 38 
42-0 25 
2 4 0 1-1 
20 4-3 
38-5 53 
3 4 10-7 5-4 
30-5 14-5 
38-3 46 
42-0 6-9 
4 2 24 0-1 
38. 16 


Expt. 
no. 


5 


R* 


2°5 0-9 
22:3 4-4 
30-0 16 
48 
41 

0 3:1 
20 
38 45 
20 3°8 
38 32 
24 
38 74 


* Sensitization with pneumococcus antibody. 


TABLE 3. Temperature coefficient of passive sensitization 


Temp. 


(°C) 
35:3 
30-0 
35-0 
30-0 
34-9 
30-1 


Time 
(min) 


15 


120 


Histamine release 


(%) (%/hr) 


| 


19-9 


10-2 


21-4 


9-0 


15:3 
9-5 


Qro 


3°5 


7:4 


Extrapolation to zero time of the sensitization curve seemed to reveal 
an initial rapid phase of sensitization preceding the linear phase (cf. Fig. 1). 
The rapid initial phase was particularly apparent when the lung had been 


previously well perfused. In experiments in which one lobe was thoroughly 


perfused with Tyrode solution whilst the other was not perfused the — 
initial sensitization rate was always higher in the perfused lobe. Table 4 
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shows that passive sensitization after 15 min incubation with antibody was 
about twice as great in the perfused as it was in the unperfused lobe. This 
rapid initial phase occurred even at 0° C and was then followed by a slow 
increase in sensitization, as already described. Table 4 shows that hist- 
amine release after 2 hr incubation at 0° C was only about twice that after 
15 min incubation. The initial rapid sensitization was however always - 
much less than the maximum that can be achieved. Thus the histamine 
release after 2 hr incubation at 38° C was about nine times as great as that 
after 15 min at 0° C. (A rapid initial sensitization in the cold has also been 
observed by W. E. Brocklehurst, J. H. & W.L.M. Perry (personal 
communication).) 


TaBLe 4. Effect of lung perfusion on sensitization. One lobe of lung was perfused for 
20-30 min with Tyrode solution, the other was not perfused. Both lobes were then chopped 
up and incubated with antibody. Numbers indicate % histamine released with antigen 


Incubation with | | 

antibody ie .» 15min at 0°C 2hr at 0°C 2 hr at 38° C 

A Not perfused 2-3 3-2 4:7 6-1 58 48 

B Perfused 5-0 6-0 8-5 10-1 50 55 
B/A 2-2 1-9 1-8 1-7 0-9 1-1 


Effect of metabolic inhibitors 


The choles of metabolic inhibitors was limited to those which do not 
produce an irreversible impairment of the anaphylactic mechanism. 
Table 5 shows that none of the metabolic inhibitors used interfered with 
passive sensitization. Some of the substances used, e.g. phenol and 
cyanide, completely block the anaphylactic histamine release when applied 
together with the antigen (Mongar & Schild, 1957a). There is thus a 
marked contrast between the effects of metabolic poisons on passive 
sensitization and on the histamine-release mechanism. 


| Effect of ionic environment 

In some experiments the ionic composition of the incubation solution 
was varied. Sodium edetate (0-05 %) was added to the Tyrode solution to 
bind Ca and Mg ions, or Tyrode solution was replaced by isotonic or hyper- 
tonic NaCl solution. In each case the lung tissue was thoroughly rinsed 
with Tyrode solution to remove the abnormal ions before testing with 
antigen. Table 6 shows that abnormal ionic environments had little or no 
effect on passive sensitization. Normal sensitization occurred in isotonic 
and in strongly hypertonic NaCl solution. Appreciable sensitization even 
occurred in sucrose solution. The calcium-chelating agent sodium edetate, 
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which completely inhibits the anaphylactic mechanism (Mongar & Schild 
1958) was likewise without effect on passive sensitization. 


TaBLE 5. Effect of metabolic inhibitors on passive sensitization 


Histamine release (%) 


Concn. , ~ 
Inhibitor (mm) Expt. Control 

Cyanide a 46 29 
10 39 37 
Azide 10 26 29 
: 50 26 29 
Fluoride 2 32 29 
5 29 29 
Dinitrophenol 2 32 37 
Phenol | 10 20 16 


TaBLe 6. Effect of abnormal ionic environments on passive sensitization 
: Histamine release (%) 


In modified Tyrode 
Modified solution soln. control 


Tyrode + sodium edetate 0-05 % 19 15 
NaCl (0-14m) + KCl (0-003 m) 28. 25 
NaCl 0-15m «26 25 
0-9m 16 
1-Om 19 15 
6-5 16 
Sucrose 0-3m 15 25 


Effect of y-globulins on passive sensitization 
Passive sensitization of guinea-pig lung by rabbit or guinea-pig anti- 


ovalbumin antibodies was strikingly inhibited by neutral y-globulins 


(i.e. y-globulins without antiovalbumin activity) either in pure form or in 
serum. The following combinations were used: 


Passive sensitization by Substance added 


Rabbit serum 
(6) Human serum 
(c) Human y-globulin 
Rabbit antibody (d) Human albumin 
(e) Bovine y-globulin 
(f) Guinea-pig serum 
Guinea-pig antibody (g) Guinea-pig serum 


All combinations produced inhibition except (d) and (e) 
(a) Rabbit antibody—rabbit serum. The effect of 10% rabbit serum on 


passive sensitization by 2° rabbit antiovalbumin serum is: shown in 
Fig. 4. In the controls nearly maximal sensitization was produced in 2 hr. 


_In the presence of rabbit serum sensitization was much slower. No hist- 


amine release occurred after 1 hr incubation, after 2 hr it was only 20% 
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of the control and even after 6 hr the control value had not been 
reached. 

(b) Rabbit antibody-human serum. Human serum also inhibits passive 
sensitization by rabbit antibody. In experiments similar to those in the 
preceding section, except that 10° human serum was used, the serum 
produced strong inhibition of passive sensitization after 1} hr incubation 
(Table 7). 


Antibody alone 


Histamine release (%) 


Incubation (hr) 


Fig. 4. Inhibition of passive sensitization with 2% rabbit antiovalbumin 
3 serum by 10% normal rabbit serum at 38° C. 


TABLE 7. Effect of human serum and purified y-globulin on passive sensitization. Guinea-pig 
lung tissue incubated with 2% rabbit antiovalbumin serum for 1} hr at 38° C 
e 
release with 
Antibody in Tyrode plus antigen (%) 


Normal human serum 10% 3-4, 4-6 

Human y-globulin 1 mg/ml. , 8-3, 8-2 

Human y-globulin 4 mg/ml. 0-3, 0-5 

(c) Rabbit antibody—human y-globulin. Purified human y-globulins are 
highly effective inhibitors, their activity depending on concentration. 
Figure 5 shows the effect of 1 mg/ml. and 10 mg/ml. human y-globulin on 
sensitization by rabbit antibody. 1 mg/ml. y-globulin produced an initial 
delay followed by sensitization at a normal rate, reaching a maximum 
after 6hr; 10 mg/ml. caused practically complete inhibition for the 
duration of the experiment. In another experiment .the following hist- 
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amine percentages were released with (i) rabbit antiovalbumin serum alone 
and (ii) rabbit antiovalbumin serum and human y-globulin (1 mg/ml.). 


Histamine (%) 


This experiment shows more clearly the initial delay produced by y-glo- 
bulin followed later by maximal sensitization. 


40 


Histamine release (%) 


Incubation (hr) 


Fig. 5. Inhibition of passive sensitization with 2% rabbit 
ovalbumin serum by human y-globulin at 38° C. 


When human serum was used in the same experiment as purified human 
y-globulin, a 10° concentration of serum produced an inhibitory effect 


_ corresponding to about 2 mg/ml. purified y-globulin (Table 7). The actual 


concentration of y-globulin in 10° serum is about 0-7 mg/ml. The serum 
thus appears to be rather more active than can be accounted for by its 
y-globulin content. Nevertheless, purified’ serum albumin produced no 
inhibition, as is shown below. 

_(d) Rabbit antibody—human albumin. Human albumin (10 mg/ml.) pro- 
duced no inhibition of passive sensitization, but on the contrary some 
potentiation (Table 8). . 

(e) Rabbit antibody—bovine y-globulin. Bovine y-globulin (1-10 mg/ml.) 
produced no inhibition of passive sensitization (Table 8). 


(f) Rabbit antibody—guinea-pig serum. Guinea-pig serum inhibits sensi- 
tization of guinea-pig tissue. In one experiment 5°% guinea-pig serum 
produced a threshold inhibition and 10% serum a 50% inhibition of 


passive sensitization by rabbit serum. In another experiment, shown in 


Fig. 6, 10 and 40% guinea-pig serum was used with rabbit antibody. The 
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10 % serum produced an initial delay followed by sensitization at the same 
rate as the control. The 40%, serum also produced a delay followed by 
sensitization at a diminished rate. The maximum seemed to be depressed 
in the presence of human serum but it is not clear whether this is a real 
effect, since after about 6 hr at 38° C the histamine-releasing activity of 
the controls diminished and approached that of the experimental samples. 


TaBLE 8. Effect of human albumin and bovine y-globulin on passive sensitization. Guinea- 
pig lung tissue incubated with 2% rabbit antiovalbumin serum for 2 hr at 38° C 


release with . 
Antibody in Tyrode plus: antigen (%) 
Nil 18, 23 
Human albumin (10 mg/ml.) 31, 32 
Nil | 20, 21 
Bovine y-globulin (1 mg/ml.) 26, 28 
Nil 26 
Bovine y-globulin (1 mg/ml.) 30 
(4 mg/ml.) 30 
(10 mg/ml.) 23 


Antibody alone 


Histamine release (%) 
w 


= 


Incubation (hr.) 


Fig. 6. Inhibition of passive sensitization with rabbit 
antibody by guinea-pig serum at 38° C. 


(9) Guinea-pig antibody—guinea-pig serum. This corresponds to the 
conditions normally prevailing during active sensitization. The effect of 
guinea-pig serum on sensitization with guinea-pig antibody is shown in 
Fig. 7. A 5% concentration of guinea-pig antiovalbumin serum was used 
as the antibody, diluted either with normal guinea-pig serum or with 
Tyrode solution. The normal serum produced an initial inhibition; 
e.g. after 1 hr incubation the sample in serum released 10°, histamine | 
whereas the Tyrode control released 36%. The difference between the two 
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samples became progressively less and after 4hr had completely dis- 
appeared. After 5} hr incubation the serum sample was more active than _ 
the control, possibly owing to unspecific deterioration of the control kept 
in Tyrode solution. 


50 


40 


Histamine release. (%) 


lL L L 
Incubation (hr) 


Fig. 7. Inhibition of passive sensitization with guinea-pig 
antibody by normal guinea-pig serum at 38° C. 
Effect of y-globulins on maximal sensitization 
In the preceding experiments an effect of y-globulins on the sensitization 
maximum was not clearly demonstrable owing to deterioration of the 


_ tissues after prolonged incubation at 38° C. Some experiments were there- 


fore carried out at lower temperatures, at which spontaneous deterioration - 
is less pronounced. Figure 8 shows an experiment carried out at 4° C in 
which sensitization by rabbit antibody was produced in the presence of 
human y-globulins. It is seen that the sensitization maximum was reason- 
ably well maintained at this temperature. In the presence of y-globulin 
4mg/ml. and 10 mg/ml. the rate of sensitization and the sensitization 
maximum were diminished. 


Reversal of sensitization by y-globulins 


We also investigated whether an established sensitization can be 
reversed by y-globulin in either actively or passively sensitized lung. 

Passive sensitization in vitro by rabbit antibody. Guinea-pig lung was 
sensitized by incubation with rabbit antibody for 2 hr. The antibody was 
then removed and the sample further incubated with 10 mg/ml. human 


_ y-globulin, whilst controls were kept in Tyrode solution. The samples were 


tested 1, 2 and 3 hr later for release of histamine by antigen. Figure 9 
shows that incubation with y-globulin produced a progressive loss of — 
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sensitization, whereas in the controls sensitization actually increased. 
Thus, after 1 hr incubation with y-globulin histamine release was reduced 
to 40 % of the controls and after 3 hr to 4%. In another similar experiment 
histamine release was reduced to 29 % of the control value after 2 hr incu- 
bation: with y-globulin. In an otherwise similar experiment in which 


Antibody alone 
30 | 
/ 
/ 
Antibody + human y-globulin 4 mg/ml. 
/ 
/ 
2 
i 
10 / 
Cy Antibody + human y-globulin 10 mg/ml. 
/ 
/ 
: 20 40 60 80 


Hours at 4° C 


Fig. 8. Inhibition of passive sensitization with rabbit antibody by human 
y-globulin at 4° C; note depression of sensitization maximum. 


Histamine release (%) 


o 


= 


x 


Incubation (hr) 


Fig. 9. Reversal of passive sensitization. Lung was first incubated for 2 hr with 
rabbit antibody; the antibody was then replaced by human y-globulin (10 mg/ml.) 
at 38° C and incubation continued for the times indicated. 
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incubation with y-globulin was carried out at 1°C instead of 38°C a 


smaller but quite definite reversal of sensitization occurred, histamine 


release being reduced to 56 % of control after 2 hr. 

Passive sensitization in vitro by guinea-pig antibody. Sensitization of 
guinea-pig tissue by homologous antibody proved less easily reversible 
than by heterologous antibody. Table 9 shows that human y-globulin 
(1 and 10 mg/ml.) produced no reversal of passive sensitization by guinea- 
pig antibody, but undiluted guinea-pig serum produced a partial reversal. 
Thus guinea-pig antibody could be displaced from homologous tissue by 
guinea-pig serum but not by human y-globulin. 

Taste 9. Effect of incubation (3 hr at 38° C) with human y-globulin or guinea-pig serum or 


Tyrode (control) on sensitization of guinea-pig lung previously incubated (14 hr at 38° C) 


with guinea-pig antibody 
Histamine release (%) 


Incubation with: "Expt. Control 
Human y-globulin, 1 mg/ml. 29, 31 30 
10 mg/ml. 25, 34 
Guinea-pig serum, 10% 
100% iis 3438 


TaBLE 10. Attempted reversal of active sensitization 
Histamine release (%) 


Time. Temp. 
soln. 


(hr) eC) Control 
Human y-globulin (10 mg/ml.) 3 38 34, 46 34, 35 
eet 5 38 20, 31 24, 26 
Guinea-pig serum (100 %) 4 38 22, 22 21, 22 
9 22 0 24, 25 35, 36 


Active sensitization. Neither human y-globulin nor guinea-pig serum 
reversed active sensitization. Table 10 shows that actively sensitized lung 
incubated at 38° C with human y-globulin or guinea-pig serum released as 
much histamine as the controls kept in Tyrode solution. After incubation 
for 22 hr at 0° C there was possibly some slight reversal. 

Effect of duration of contact with antibody. The preceding findings sug- 
gested that antibody is fixed more firmly in active than in passive sensiti- 


_ zation. The following factors might be involved: 


(1) Duration of contact with antibody. 
(2) Route of access of antibody, e. 8. by way of the blood in vivo or by 


«diffusion in vitro. 


(3) Source of the antibody, whether ainclouote or homologous. 
These factors were investigated. In one experiment lung tissue was 
incubated with guinea-pig antibody in vitro for 1, 2 or 4 hr and then with 


normal guinea-pig serum for 1 hr. Table 11 shows that the sensitization 
for | hr was more completely reversed than longer-lasting sensitizations. 
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In another series passive sensitization was produced in vivo by intra- 
venous injection of guinea-pig antibody into guinea-pigs. The animals were 
killed at various times after injection; their lungs were perfused with 
Tyrode solution to remove circulating antibody, and chopped up. Some 
of the lung samples were then incubated with guinea-pig serum for | (or 
4) hr and others in Tyrode solution as controls. (In some experiments the 


TABLE 11. Effect of duration of in vitro passive sensitization on reversal by 
incubation in guinea-pig serum for 1 hr at 38° C 


Time of Histamine release (%) 


sensitization ~ 
(hr Expt. (a) Control (6) a/b 
1 6-8, 7-8 18, 19 0-37 
2 6-8, 9-5 12, 13 0-66 
4 4-4, 5-2 8, 8 0-58 


TaBLE 12. Guinea-pigs were injected intravenously with antibody and killed after varying 
times (t,.,,). Their lungs were perfused with Tyrode and subsequently either perfused with 
guinea-pig serum (Per.) or chopped and incubated with serum (Inc.) or with Tyrode (Con.) 
for 1 or 4 hr (¢,,,). Numbers indicate tissue histamine (%) released by antigen. The last 
column gives the average histamine release after treatment with serum as a fraction of the 
control (Residual sensn.) 


Residual 
(hr) (hr) Per. Ine. Con. sensn. 
4 1 16, 16, 18 9-2, 9-6 43, 50 0-30 
1} 1 37, 41, 42 41, 49 51, 62 0-74 
34 1 — 55, 59 65, 68 0-95 
1 — 35, 47 28, 45 
17 1 -= 18, 18 25, 27 0-74 
46, 47 3 58, 59 oe 
4 —— 18, 21 16, 17 1-20 
40, 53 37, 40 
44, 49 63, 64 
4 — 26, 36 22, 26 . 1-28 | 
46, 55 36, 43 


lung was perfused. with guinea-pig serum for 1 hr instead of incubation 


with serum.) Table 12 shows that already 30 min after injection of anti- 
body the lungs had become strongly sensitized, but at this stage the 
sensitization was almost completely reversed by incubation with guinea- 
pig serum. Within 1} hr of injection guinea-pig serum produced only a 
slight reversal of sensitization, and within 3} hr no reversal at all. It can 
be concluded that the main factor determining reversibility is duration of 
contact with antibody. Route of access and source of antibody are not of 
primary importance. 
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DISCUSSION 


It has been shown that non-antibody y-globulins inhibit passive sensiti- 
zation of guinea-pig tissues by antibody y-globulins. Depending on experi- 
mental conditions, they either delay passive sensitization or diminish the 
maximum or reverse an already established sensitization. These effects are 
highly specific. The guinea-pig’s own y-globulin is a more effective inhibitor 
than human y-globulin, whereas bovine y-globulin is ineffective. Albumin 
is also ineffective. Our observations are in general agreement with the 
findings of Halpern e¢ al. (1958) concerning inhibition of sensitization of 
smooth muscle by y-globulins. The most likely explanation of both sets of 
observations is that there is competition between antibody and other 
globulins for receptor attachments on the cell surface. 

_ These findings are relevant to the problem of cellular fixation of anti- 
body. Although after the demonstration that anaphylaxis can be 
obtained in isolated smooth muscle (Schultz, 1910) even after freeing the 
preparation from blood by prolonged perfusion (Dale, 1913) the cellular | 
theory of anaphylaxis has become generally accepted, it has been con- 
tended against it (Freund & Witney, 1928) that the antibody may not be 
attached to the cell but simply trapped in the intracellular spaces, so that 
the reaction between antigen and antibody would be occurring in solution. 
According to this view the reaction is a homogeneous reaction rather than 
a heterogeneous reaction on the cell surface; but if this were so the specific 
interference produced by other y-globulins would be difficult to account 
for. It would be necessary to explain why normal guinea-pig y-globulin 
present in solution interferes with the antigen-antibody reaction, yet 
bovine y-globulin fails to do so. If on the other hand only a limited number 


| of sites were available on the cell surface, capable of taking up y-globulins 


of a special kind, the interference would become explicable. 
It should be emphasized that our findings are based on measurements of 


histamine release and are thus strictly speaking relevant only to the 


binding of antibody to histamine-releasing cells, probably mast cells 


| (Mota, 1959). It is possible that only mast cells exhibit specificity in 


globulin uptake, since Humphrey & Mota (1959) have shown that the gross 
tissue uptake of y-globulins does not depend on their sensitizing properties. 

It is necessary now to consider in more detail whether a simple competi- 
tion hypothesis can account for the antagonism between y-globulins. 


A hypothesis of this kind would explain a delay in the rate of sensitization | 


and a depression of the maximum, but it would not account for the reversal 
of an established sensitization, since the rate of desorption of antibody 
from its receptors would not be expected to depend on the concentration 


of reactants in solution. Reversal of sensitization should occur as rapidly 
36-2 
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in the absence as in the presence of y-globulin. In order to account for the 
more rapid reversal in the presence of y-globulin it is necessary to postulate 
a more complex scheme, e.g. one involving several attachments of each 
antibody molecule with receptors. Consider a series of corsecutive 
reactions: | 
A+R= AR, 
AR+R = ARR, 
ARR+R= ARRR ..., 


where A is the concentration of antibody, R that of free receptors, and 
AR, ARR, etc., those of antibody bound to one, two or more receptors. 
The rate of desorption would now depend on the concentration of the 
reactant AR. If by the introduction of neutral globulin the number of 
free receptors R were reduced, the reaction would tend to shift to the left 
and the concentration of AR, and hence the rate of desorption, would be 
increased. 

This scheme could also account for the finding that passive sensitization 
becomes less reversible with time, since the reaction would tend in time to 
shift towards multi-attachment and in this way to become less easily 
reversible. | 


The fraction of receptors which has to be occupied by antibody to 


produce sensitization is probably small. After equilibrium has been 
established the fraction of receptors occupied by antibody would be 
expected to be equal to the ratio of antibody to non-antibody y-globulin 
in the circulation. This should apply to the guinea-pig’s own antibody, 
which is presumably indistinguishable by the cells from its other y- 
globulins. Antibody from other guinea-pigs can be expected to have less 
affinity and hence to be adsorbed in a lower ratio than that present in the 
circulation. In the in vivo sensitization experiments it was found that an 
- amount of homologous antibody equal to about 1° of the y-globulin in 
the circulation produced strong sensitization when given intravenously. 
The sensitization occurred in half an hour, before receptor equilibrium was 
reached. The fraction of receptors occupied by antibody at this stage must 
have been well below 1%. 

Passive sensitization has a high temperature coefficient and in this 
respect resembles the anaphylactic reaction, but in other respects the two 
reactions differ. The anaphylactic reaction requires calcium and is prob- 
ably enzymic, whereas the passive sensitization reaction does not require 
calcium and is probably not enzymic, since it is unaffected by a variety of 
enzyme inhibitors. The high activation energy of the passive sensitization 
reaction may be required in the unfolding of the antibody y-globulin 


molecule before it can be adsorbed on to the cell surface, or for the prior 
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desorption of non-antibody y-globulin attached to the cell. The latter 
seems more probable in view of the finding that lung which has had some 


antibody removed by perfusion with Tyrode solution became partially 


sensitized at a rapid rate even at 0° C. The very high temperature co- 
efficients observed in some experiments may on the other hand be due to 
the fact that in those experiments most receptors were initially occupied 
by non-antibody y-globulins. 


SUMMARY 


1. The mechanism by which isolated chopped guinea-pig lung becomes 
passively sensitized by incubation with antibody in vitro has been studied 
by using the histamine release reaction with antigen as @ measure of 
sensitization. 

2. Passive sensitization increases with time of incubation and at 38° C 
becomes maximal in 2-4 hr. Passive sensitization has a high temperature 
coefficient but is not completely abolished even at 0° C. It is not inhibited 
by a variety of enzyme poisons nor by alterations in the ionic composition 
of the incubation medium, cigeconege,, complete absence of calcium and 
magnesium. 


| 3. Passive sensitization is inhibited by the presence of non-antibody 


y-globulin in the incubation mixture. The main effect of y-globulin is a 
reduction of the rate of sensitization; under certain circumstances the 
maximum is also depressed and an already established sensitization 
reversed. The inhibitory effect is specific. It is produced by guinea-pig, 
rabbit and human sera, and by purified human y-globulin, but not by 
purified bovine y-globulin nor by human serum albumin. Reversal of 
passive sensitization could only be demonstrated within a short time of 
passive sensitization. In actively sensitized he a no reversal was 
obtained. 

4. These results suggest the following conclusion concerning the 
méchanism of the passive sensitization reaction. The reaction is non- 
enzymic with a high energy of activation required in the adsorption of 
antibody y-globulin and the desorption of non-antibody y-globulin. Anti- 


body and non-antibody y-globulins compete for specific cellular attach- 


ments, each y-globulin molecule being attached to a number of receptors. 
Only a small fraction (less than 1 °/,) of receptors needs to be occupied by 
bony y-globulins for full sensitization. 
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In therapeutics phenol has been used dissolved in glycerol as ear-drops 
and as an ointment to stop itching; it has also been used in aqueous solu-. 
tion to destroy nerve fibres, such as those of the sympathetic chain and 
those growing in an amputation neuroma. A further use for phenol was 
introduced by Maher (1955). He reported that the chronic and severe 
pain occurring in some cases of cancer could be relieved by the intrathecal 
injection of phenol dissolved in glycerol; later (1957) he used phenol dis- 
solved in Myodil (ethyl iodophenylundecylate; Glaxo Laboratories). 
The therapeutic procedure consists of introducing by spinal puncture 
phenol dissolved in Myodil or glycerol and allowing it to make contact 
with the spinal roots in which conduction of impulses giving rise to the 
pain is occurring. Maher found that solutions containing between 5 and 
10% phenol gave a satisfactory therapeutic result. Non-aqueous solvents, 


immiscible with cerebro-spinal fluid, were used, so that the effective 


concentration of phenol could be confined to the nerve roots with which the 
solvent makes contact. | 

When using this technique to treat patients, we have observed that there _ 
are two effects, a temporary or local anaesthetic effect, and a chronic 
effect. Within 1-2 min of the injection of the solution a loss of sensibility 
and an all but complete local paralysis develops; both diminish greatly 
within 15 min. The chronic effect consists of the relief of the pain due to 
the cancerous invasion, with no or almost no permanent impairment of 
sensibility or movement to be found on clinical examination. 

Experiments have been undertaken to examine more critically the effects 


_ of phenol in solution in Myodil and glycerol, both the immediate effect on 


conduction in anterior and posterior nerve roots and any chronic effects 


which might become manifest in time and be demonstrable by histo- 


logical methods. The results of the former investigation are reported here; 
those of the latter will be reported in a subsequent paper. Some of the 
results of both investigations have been shown to the Physiological Society 


de 
ta 
J. 

8, 
l- 
J, 
l, 
4 
nh 
of 
. 


566 P.W. NATHAN AND T. A. SEARS 


(Nathan, Sears & Smith, 1958). Some effects of phenol on nervous con- 
duction in acute experiments in the cat have also been described by Iggo & 
Walsh (1959). 

In the present paper the effect on conduction of phenol dissolved in 
Myodil has been compared with its action in aqueous solution and both 
have been compared with that of procaine. 


METHODS 


To obtain information which might be useful for understanding the action of phenol in 
Myodil or glycerol, the experiments were designed to mimic the therapeutic situation in 
man. They consisted of stimulating peripheral nerve and recording from anterior and 


posterior spinal roots of the cat, before and at various periods after the application of phenol — 


solutions to the roots. 

All experiments were performed on cats anaesthetized with Nembutal (pentobarbitone; 
Abbott Laboratories, 35-40 mg/kg). Various hind-limb nerves were dissected free and sub- 
merged in liquid paraffin (37-39° C) in a pool formed by drawing up skin flaps to a metal 
ring. The anterior and posterior roots from which recordings were made were exposed by 
means of a lumbosacral laminectomy. The roots were divided as close to the spinal cord as 
possible, labelled with coloured thread, then left in the c.s.f. in the floor of the trough 
formed by the laminectomy. 

Recording had to be made from the roots in air and not in paraffin oil, as paraffin is not 
only miseible with Myodil but also acts as a solvent for phenol. Spinal roots being devoid 


of perineurium are liable to dry in air, and are also particularly susceptible to mechanical . 


damage. To ensure stable conditions, a piece of card, slotted so as to admit the electrodes 
and covered with cotton-wool, was used to cover the laminectomy wound. In this manner 
an enclosed chamber was formed into which moistened warmed oxygen was passed; the 
recording electrodes were set deep in this chamber, so that, being surrounded by the tissues 
of the cat, they tended to remain at the correct temperature. The laboratory temperature 
was kept high, being between 25 and 30° C, and the cat’s rectal temperature was kept at 
39° C. Control experiments showed that these precautions were adequate for obtaining a 
preparation that remained stable for the duration of an experiment. 

The conduction rate of the various fibre groups was determined by measuring the change 
in latency of the components of the compound action potential, when the stimulating 
cathode was moved a measured distance along the peripheral nerve. This method was 
essential, for at the stimulus intensities needed for stimulating the small fibres, repetitive 
firing of the larger A fibres might occur, producing a low-amplitude later wave not easily 


distinguished from that of the more slowly conducting fibres of the A group, At the end of | 


the experiment the distance between stimulating and recording electrodes was remeasured 
when the nerves and roots were dissected out for this purpose. The conduction rate of the 
peak of each component of the compound action potential was then calculated. 

Substances applied to roots. Myodil is an oily substance, immiscible with c.s.f.; when placed 
in the laminectomy trough it can be kept as a large discrete globule surrounding the root 
around which it is placed; it can easily be removed by means of a syringe and needle. The 
various concentrations of phenol in Myodil are given here in g/100 ml. The aqueous solutions 
were made up in Ringer—Locke solution, buffered to pH 7-4; the addition of phenol in the 
concentrations used did not alter the pH. All solutions were applied at the temperature of 
the c.s.f. in the laminectomy trough, and the Ringer--Locke solution used for washing the 
roots was also applied at that temperature. 

Stimulation and recording. Stimulation was effected by means of condenser discharg<s 


from a thyratron stimulator fed through an isolating transformer to platinum electrodes; 
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the repetition frequency was 1/sec. Action potentials were recorded monophasically from 
the roots, amplified, and displayed on a dual-beam oscilloscope; the second beam carried 
the time scale. The signals were also monitored on a loudspeaker. 

The optimum conditions for recording the A and C action potentials are different and so 
two different preparations were used. 

_ A fibres preparation. Stimulating electrodes were placed on the sciatic, tibial, or sural 
nerves and recording was made from the anterior or posterior roots of the 6th or 7th lumbar 
or Ist, 2nd, or 3rd sacral roots. It was found that at a distance between the stimulating and 
recording electrodes of about 80 mm the y and the § components are formed into well defined 
peaks, separate-from the af spike and not greatly reduced in amplitude by temporal 
dispersion. 

C fibres preparation. All C fibres referred to in this paper are dorsal root C fibres. The 
same preparation was not usually suitable for recording from A and from C fibres, for at the 
conduction distances optimal for A fibre recording the C action potential is not visible as a 
wave owing to temporal dispersion. It was found that a conduction distance of 12-15 mm 
gave a good display of the C action potential. This was obtained by both stimulating and 
recording from a posterior root. The distance that we found to be optimal in pilot experi- 
ments is about half that which Gasser (1950) found suitable for recording the C action 
potential in peripheral nerves. A possible reason for the difference is that the diameter of 
the C fibres of the root central to the ganglion is half that of the fibres peripheral to the 
ganglion, a fact shown by Gasser (1955); the consequent decrease in conduction velocity 
would result in greater temporal dispersion over the longer distance. 

The C action potential has to be displayed on the slowly changing phase of the A after- 
potential. At the amplification required to record the C action potential the initial phase of 
the after-potential may be distorted by the antecedent high voltage A spike overloading 
the amplifier; but this does not affect the configuration of the C action potential. 

Thus in the C fibres preparation both recording and stimulating electrodes were placed © 
on the posterior root. Long filaments of the longest roots (usually the Ist or 2nd sacral) 
were cut through as close as possible to the foramina at one end and to the spinal cord at . 


the other. These filaments were set up on the anating and recording electrodes which 


were placed deep in the laminectomy trough. 
In order to examine the effects of a solution on both the A and the C fibres simultaneously, 
the following method was used. A long filament was cut free from the rest of the posterior 


- Toot and was placed on the electrodes as described for C fibres; the records made from this 


filament served as a control, by providing evidence that this root contained C fibres, and that 
their action potential was recordable at the conduction distance used. The solution of phenol 
was then applied to the rest of the root which remained in situ, and records were made as 
described for A fibres. After a certain duration of application of the solution, a further filament 
of this root was removed ; this filament was placed on the electrodes as described for C fibres. 

Thus the A action potential was recorded with the nerve and root in situ before and after 
the application of the phenol solution; and the C action potential of this root was recorded 
from a sample removed before the phenol solution was applied and from a second sample 
removed from the root after the application of the solution. 


Method of applying phenol in Myodil 
A fibres preparation. The solutions to be tested were placed in the laminectomy trough 
so that they covered the peripheral part of the root from which recording was being made; the 
Jength of nerve root in the solution was about 5 mm. The proximal] recording electrode was 
placed so that it was more than 10 mm away from the part of the root immersed in the solution. 
C fibres preparation. The solution was placed in a wire loop encircling the root midway 


between the and the electrodes. 
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Method of applying aqueous solution 

A fibres preparation. A Perspex chamber was made (Fig. 1). This chamber was shied in 
the laminectomy trough so that the root, divided from the spinal cord at its proximal end, 
could be passed through the groove D, then through the bath B, and through another small 
groove, on to the platinum electrodes E. The lid L was placed on the chamber and secured 
by a ligature. The root passing through the groove was sealed in by soft paraffin, to allow 
the part of the root on the recording electrodes to be covered with paraffin oil. The solutions 
were passed through the tubes I and O. 

C fibres preparation. The method was either the same as for Myodil and glycerol solutions 
or else the aqueous solutions were applied on a pledget of cotton-wool encircling the root. 


Fig. 1. Plan view of Perspex chamber. 


RESULTS 


Myodil and seas the substances used as solvents for the phenol, 
were tested for any effects on nervous conduction; it was demonstrated 
that they had no effect during a period of 30 min. As the experiments with 
phenol dissolved in glycerol gave similar results to those in which it was 
dissolved in Myodil, they will not be reported upon separately. Most of 
the experiments were carried out with a 5% solution of phenol in Myodil, 
which will be reported upon first; then will be described the effects of 
stronger and weaker solutions, the effects of phenol in Ringer—Locke 
solution, and finally the effects of procaine, 


Phenol in M yodil 


A 5% solution of phenol in Myodil blocks conduction, though recovery 
from the block can occur. The effects on the « and y fibres of the A group 
of an anterior root are illustrated in Fig. 2 and on the C fibres of a posterior 
root in Fig. 3 


In the experiment illustrated in Fig. 2, 5 0 phenol in Myodil was applied 


to the 7th lumbar anterior root. The « action potential of the fibres was _ 


travelling at 85-90 m/sec and that of the y fibres at 33-34 m/sec. (Through- 
out this paper the nomenclature introduced by Erlanger & Gasser (1937) 
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has been used.) It will be seen that 135-140 sec after application of the 
solution the size of the y wave is very greatly reduced, whereas that of the 
‘q wave is only moderately reduced. By 8 min, in this experiment, the _ 
y wave had disappeared ; by 20 min that of the « fibres had gone down to 
124%, of its original height. After 22 min the solution was removed and 


| 


2 mV 200 V = 
1 msec 1 msec 


Fig. 2. Effect of 5% solution of phenol in Myodil on conduction in A fibres. of an 
anterior root. Left column at low amplification to show fast conducting fibres 
(« range), right column at high amplification to show slowly conducting fibres (y 
range). Each record consists of 5 superimposed responses. a, before application of 
| solution; b, 135-140 sec after application ; c, 10 min after removal of solution and 

washing. 


the roots were washed with Ringer—Locke solution. Ten minutes after 
the removal the height of the:« wave had returned to its original size; 
by 30 min after removal that of the y fibres had not returned to more than 
710°, of its original size. 
| Inthe experiment illustrated in Fig. 3, 5 °/ phenol in Myodil was applied 
3 to the 7th lumbar posterior root. The C action potential is seen superim- 
posed on the A after-potential; Fig. 3b demonstrates the action potential 
_ at's strength of stimulation subliminal for C fibres. It will be seen that 
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within 20 sec the size of the C action potential had diminished consider- 
ably; at this time there was almost no effect on the A fibres, as may be 
judged by the amplitude of their after-potential. At 50sec the C action 
potential was seen to be considerably diminished, at 1 min 5 sec it was still 


a d 


Fig. 3. Effect of 5 % solution of phenol in Myodil on conduction in C fibres of a pos- 
terior root. a, before application of solution, stimulus maximal for C fibres; 
b, stimulus subliminal for C fibres to show after-potential of A fibres; c, d, e, f, 20, 
50, 85 and 105sec after application; g, 13 min after removal of solution and 
washing. The time scale shows 1, 5 and 20 msec intervals. 


just visible, and by 1 min 45 sec it had completely disappeared. The solu- 
tion was removed 2 min after application and the root was washed. 
Sixteen minutes after removal of the solution, a large proportion of the 
C fibres were again conducting. 

From the total evidence of thirty experiments it is concluded that a 5°, 
solution of phenol in Myodil blocks conduction in the A and C fibres. 


This blocking occurs differentially, affecting small fibres more rapidly 


_ than large. For example, within 4 min of applying a 5°% solution the 
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y fibres were completely blocked; but at this time the « action potential 
had diminished by only 25%. In three experiments all the C fibres were 
blocked within 30 sec of application. 

The following statements concerning recovery from blocking with a 
§%, solution are based on thirty experiments. With periods of application 
up to 50 min, some of the « fibres always recovered ; with periods of appli- 
cation up to 10 min, recovery of all the « fibres was the rule. Complete 
recovery of all the y fibres never occurred after application of the solu- 


Fig. 4. Effect of 7-5 % solution of phenol in Myodil on conduction in myelinated 
fibres of a posterior root. Each record consists of 5 superimposed responses. 
a, before application of solution ; b, 2 min after application; c, 12 min after removal 
of solution and washing. The time scale shows | and 5 msec intervals. (A « spike 
retouched.) 


tion for 15-20 min. Complete recovery of all the C fibres was even less 
frequent. Although 2 min application of the solution caused complete 
block of all these fibres, recovery followed washing with Ringer—Locke 
solution; longer applications than this caused irreversible changes in some 
of the C fibres. Thus it was found that the C fibres are the most susceptible 
to irreversible changes from the application of phenol in Myodil. 
A 7-5 % solution of phenol in Myodil. The effects of a 7-5°%, solution of | 

phenol in Myodil on conduction in myelinated fibres of a posterior root 
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are shown in Fig. 4. The compound action potential showed components 
conducting at rates of 80, 24, 19, 16 and 14 m/sec. Two minutes after 
application of the solution the slowly conducting groups of fibres were en- 
tirely blocked, while the amplitude of the wave due to the fastest group 
of the A fibres had diminished to 25 °% of its original height. The solution 
was applied for 3 min. Twelve minutes after removal of the solution and 
washing the roots the action potential of the fastest conducting group was 
90 °% of its original size, while that of the slowly conducting fibres showed 
slight recovery from blocking. Forty-five minutes after removal of the 
solution all fibre groups showed evidence of full recovery, except the 
most slowly conducting, of which the action potential was about 80°, 
of its original amplitude. : 

On comparing these rates of blocking of the fibres of the various groups, 
it was found that with a 7-5 % solution the rate was faster than with the 
5°% solution. With regard to the recovery from the effects, the rate of 
recovery for the fastest conducting groups was not very different with the 
two concentrations, but in the more slowly conducting fibres recovery took 
longer after the stronger solution. 

In an experiment with the 7-5 °% tation | in which the phenol solution 
was not washed off the roots but was permitted to remain in contact with 
them for more than 3 hr it was found that some recovery occurred in the 
conduction of: the largest fibres, but none occurred in this time in the 
C fibres. In a further experiment with this concentration of phenol applied 
for 3 min there was no recovery in the C fibres within 70 min although 
some of the « fibres had recovered. 

A 10% solution of phenol in Myodil caused a rapid block of all fibre 
groups, A and C fibres, though the « group was not completely blocked by 
3 min application of the solution. In two experiments in which the sol- 
ution was left in contact with the root for 3 and for 34 min no recovery 
occurred in the C fibres; the « action potential recovered to 2/3 of its origi- 
size. 

A 1% solution of phenol in Myodil. The effects of a 1° solution on the 
a and y fibres of an anterior root are illustrated in Fig. 5. After 20 min 
application, the spike height of the y group was very much reduced, while 
that of the « group was diminished by only about 10%. The solution was 
removed after 24 min. The action potentials of both groups returned to 
their original heights, after removal of the solution and washing. This 
however did not invariably occur with the 1° solution; in some ex- 
periments with this concentration there was a permanent fall in the height 
of the y action potential. 

A 0:5% solution of phenol in Myodil. An experiment with the pro- 
cedure described under Methods (p. 567) on the effects of a 0-5°%, 
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solution of phenol in Myodil on the A and the C fibres of a posterior root 
is illustrated in Fig. 6. This solution was applied to the root for 15 min. 
At the end of this time the size of the action potential of the A fibres 
conducting at 80 m/sec had diminished in height by 10%. The solution 
was drawn off after 15 min application, and the root washed with Ringer 
Locke solution. This root was then set up as a C fibre preparation. At 
this time no C action potential could be obtained; a sample of this root 
removed before application of the phenol gave the C action potential 
illustrated in Fig. 6c. Thirty minutes later a trace of the C action potential 


Fig. 5. Effect of 1 % solution of phenol in Myodil on conduction in myelinated fibres 
of an anterior root. Each record consists of 5 superimposed responses. a, before — 
application of solution; 6, 20 min after application. The time scale shows 1 and 
5 msec intervals, (Aa spike retouched.) 


could be seen, and after a further 20 min a C action potential was ahkaioed, 
Thus a weak solution of phenol in Myodil blocks all the C fibres of a root 
and during this period of application it blocks only a few of the largest 
A fibres. A 0-5% solution, however, does not permanently block all 
C fibres when it is applied for 15 min. 


Phenol in aqueous solution 


‘It was assumed in this work that there would be aqueous concentra- 
tions of phenol having equivalent effects on conduction to certain con- 
centrations of phenol in Myodil. Experiments were undertaken to demon- 
| Strate the effect of weak solutions of phenol dissolved in Ringer—Locke _ 
solution. 
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The effects of a 0-5° aqueous solution of phenol on « fibres is illu- 
strated in Fig. 7. It will be seen that 180 sec after the application of the 
solution the height of the « wave of the A group has been reduced by 80%. 
After 34 min the solution was removed and the root was washed with 
Ringer-Locke solution. Twenty-six minutes later the « wave had re- 
covered to 40% of its original height. A weaker solution of phenol, 
0:1% in Ringer-Locke solution, reduced the height of the « wave by 
20 % in 3 min; after removal and washing complete recovery was obtained. 


Fig. 6, Effect of 0°5% solution of phenol in Myodil on conduction in myelinated 
and C fibres of a posterior root. Each record consists of 5 superimposed responses. 
a, A fibres before application of solution; 6, 15 min after application; c, C action 
potential in control root; d, C action potential of treated root 30 min after removal 


of solution and washing; e, 50 min after removal of solution and washing. The time 
_ scales show 1, 5; and 20 msec intervals. (A« spike retouched.) 


The effects of a 0-5 and 0-1° aqueous solution on the C fibres is shown 
in Fig. 8. The solutions were applied for 5 min each. The records used for 


illustration were selected to show the effects at comparable times. The 0:5 °%, - 


solution caused diminution in the size of the action potential immediately 
the solution was applied. After 10 sec the C action potential was almost 
entirely removed, whereas at this time the 0-1 ° solution had only a slight 
effect. After 35 sec application of the 0-1°% solution there was a great 
diminution in the size of the action potential. No C action potential ws 
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geen at 2 min 45sec. The solutions were removed after 5 min, and the 
roots washed. Forty-five minutes after removal the C action potentials 
had returned, though they were not as large as before applying the 
solutions. 

The effects may now be compared of phenol in aqueous and in Myodil 
solutions under these experimental conditions. With regard to the effect 
on C fibres the experiments illustrated in Figs. 3 and 8 can be compared. 


% 0-1 % 


ae 


one 20 msec 20 msec 
Fig. 7 : Fig. 8 
Fig. 7, Effect of 0-5 % phenol in Ringer—Locke solution on conduction in myelinated 
fibres of a posterior root., Each record consists of 5 superimposed responses. a, 
before application of solution; b, c, d, 15, 90 and 180 sec after application ; e, 26 min 
after removal of solution and washing. The time scale shows 1 msec intervals. © 
_ Fig. 8, Effect of 0-5 and 0-1 % phenol in Ringer—Locke solution on conduction in 
C fibres of a posterior root. a, before application of solution; 6, c, 10 and 35 sec 
aiter application; d, 45 min after removal of solution and washing. 
37 | 
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With 0-1° phenol in Ringer-Locke solution there was a marked reduc- 
tion of the action potential in 35 sec. A similar reduction was achieved with 
a 5% solution of phenol in Myodil between 20 and 85 sec. In fact, when 
the heights of these C action potentials were measured in the actual experi- 
ments illustrated it was found that they were reduced to half their original 
height in about 30 sec in both cases. When a 7-5 % solution of phenol in 
Myodil is used the C action potential is completely blocked within 30 sec. 
The results of other experiments support this comparison, that a 5°, 
solution of phenol in Myodil is roughly equivalent to a 0-1% aqueous 
solution. 

Comparing the effects of stronger aqueous solutions with those of 7-5 
and 10% phenol in Myodil, blocking of the C fibres was found to be com- 
plete in 10 sec with 0-5° aqueous solution; 10 sec after application of 
7-5 or 10% solution of phenol in Myodil, however, the C action potential 


is still large. Similar results from other experiments support the conclu-: 


sion that 0-5° aqueous solution is more potent than a 7-5% or 10% 
solution of phenol in Myodil. © | 


Procaine solution 


As it was found that phenol either in Myodil or in aqueous solution 
blocks nerve: conduction, that its action is reversible, and that its effect 
falls more heavily on the C fibres than on large myelinated fibres of the root, 
it seemed advisable to compare its action with that of a standard local 


anaesthetic under the same conditions. Procaine was chosen for this 


comparison. 

The effects of 0-2°% procaine in Ringer—Locke solution on the « and y 
fibres of the A group of an anterior root are illustrated in Fig. 9. One minute 
after application the height of the « wave had fallen by less than 5°, 
whereas that of the y wave had fallen to 1/3 of its original height. Eleven 
minutes after the application, the height of the « wave had fallen by 30%, 
and the y wave had disappeared. Twenty-three minutes after removal of 
the solution and washing, the « wave had returned to within 5% of its 
original height, but the y wave was still absent. One hour after removal of 
the solution, the heights of both action a had returned to their 
original values. 

On comparing this result with those in whlch phenol in Myodil was used, 
it was found that a 5 °% solution of phenol in Myodil was far more effective 
in blocking all groups of fibres than the 0-2°% solution of procaine. In 
most of the thirty experiments the action potential of all fibres of the 
A group had ceased to be measurable after 4-5 min of application of 5% 
phenol in Myodil. To obtain this result with procaine it was found that 
a 0-5 % solution had to be used. 
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With regard to a comparison of phenol in Myodil and procaine on the 
C fibres, the effect of a 0-1°% solution of procaine is shown in Fig. 10. 
This concentration exerts an immediate effect on the action potential of 
these fibres; after 15 sec, only a trace of the action potential can be seen, 
and by 30 sec it is completely abolished. 


| | 


4mV 100 4V 
20 msec 
Fig. 9 Fig. 10 


Fig. 9. Effect of 0-2 % procaine in AE solution on conduction in fibres of 7 
an anterior root. Left column at low amplification to show fast conducting fibres 
(a range), right column at high amplification to show slowly conducting fibres 
(y range). Each record consists of 4 superimposed responses. a, before application 
of solution; b, c, 1 and 11min after application; d, 23 min after removal of 
solution and washing. The time scale shows | and 5 msec intervals. (Aa spike 
retouched.) 


Fig. 10. Effect of 0-1% procaine in Ringer—Locke solution on conduction in 
C fibres of a posterior root. a, before application; 6, c, d, 15, 25 and 30 sec after 

_ application. 
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In comparison, a 5% solution of phenol in Myodil took 45 sec to block 
the action potential, and an aqueous 0-1 % solution of phenol took 35 sec. 
A stronger, 0-5 %, solution of procaine removed the C action potential as 
soon as it was placed around the root. 


DISCUSSION 


It has been shown that phenol blocks conduction in nerve fibres, 
whether it is dissolved in Myodil, glycerol, or water. The blocking is 
somewhat selective in that it affects certain groups of fibres more than 
others. This selective action of phenol was observed by Iggo & Walsh 
(1959). The rate and the amount of blocking and of recovery are dependent 
on the concentration of phenol in the solution. The action is the same 
whether it is dissolved in water,.in Myodil, or in glycerol. As dilute 
solutions of aqueous phenol are as active as concentrated solutions of 
phenol in Myodil or glycerol, and as the solvents themselves have no 
effect on conduction, it seems reasonable to assume that to affect conduc- 
tion the phenol surrounding the nerve fibres must be in aqueous solution. 
The effect of the solvent is probably to determine the rate of liberation of 
the phenol. | 

The blocking of conduction is reversible or irreversible, depending on 
various factors such as the length of time the solution is allowed to act, 
the concentration of phenol in the solution, the solvent used for the phenol 
and the group of fibres involved. When the solution of phenol is placed 
in contact with a root for a certain time, it can cause irreversible block of 
the C fibres and a reversible block of the « fibres. Even a short time in an 
adequately concentrated solution of phenal produces an irreversible 

block of the C fibres. 

_ The experiments reported here throw light on the early changes that 
occur when phenol in Myodil is used for the treatment of intractable pain 
in man, When a 7-5 % solution is injected intrathecally, there is a period of 
_ loca) anaesthesia and paralysis coming on within 50 sec of the injection; 
_ this is followed by a gradual recovery, taking about 20 min. This local 
anaesthesia and paralysis may be correlated with the reversible block of 
conduction shown in these experiments. 

These solutions of phenol not only have a temporary action, but some 
permanent damage to nerve fibres is caused. Chronic experiments on the 
long-term effects of phenol are still under way; until they are finished, 
it is impossible to correlate the chronic effects found in man with the experi- 
- mental findings in the cat, 

With regard to the action of phenol as a local anaesthetic, it was never 
found to stimulate nerve fibres. Before causing complete block, phenol 
caused Wedensky inhibition, the fibres failing to conduct trains of im- 
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pulses. Phenol blocks the various fibre groups of a nerve root in the same 
order as do standard local anaesthetics; C fibres are blocked first, and the 
fastest conducting A fibres are blocked last. Phenol in Myodil and in 
aqueous solution, in appropriate concentrations, thus acts similarly to 
recognized local anaesthetics; and so it seems proper to class it as such, as 
some pharmacologists do. 

In experiments on amoebae, Goldacre » (1952) has shown that phenol, 
in common with many lipid-soluble substances, renders these organisms 
insensitive to touch. He also showed that the reversibility of this change 
was related to the duration of application and the concentration of the 
phenol in the culture fluid. He was able to vary these factors so that the 
amoebae either suffered no permanent effect from the temporary anaes- 
thesia or they were killed. 

We have observed irreversible blocking lasting for the duration of our 
experiments. This may have been due to a prolonged local anaesthetic 
effect; for the longest period of observation following application of the 
solution was 3 hr, and at this time it is possible that the fibres might still 
have been only temporarily blocked. On the other hand, it is probable : 
that the failure to recover from blocking at 3 hr or less may indicate a 
true irreversible change in the affected fibres. That histological changes 
can occur with concentrations of phenol in Myodil of 5 % has been reported 
by Nathan et al. (1958). | | 

It could be objected that since phenol damages nervous tissue it should 
not be classed as a local anaesthetic. Yet this objection should apply to 
other local anaesthetics and even to those most commonly used. It certainly 
applies to cocaine, the first local anaesthetic introduced; and it had been 
shown by Lundy, Essex & Kernohan (1933) that procaine, which has been 
found to be very useful on account of its high safety margin, can cause 
permanent damage to the nerve fibres of the spinal cord when it is used in 
a sufficiently high concentration. Phenol is different in that it has a 
low safety margin; for it is probably impossible to produce a block of all 
the fibres of a root without causing damage to some of them. It is fortu- 
_ nate that phenol has both temporary and permanent blocking effects, 
for this permits it to destroy nerve fibres, having blocked their conduction ; 

thus it achieves their destruction without causing pain. 


SUMMARY 


1. An investigation is reported of the effects of phenol dissolved in 
ethyl iodophenylundecylate (Myodil) and in Ringer—Locke solution on 
_ Nervous conduction in the spinal roots of the cat. 

2. Phenol, according to its concentration, the length of time for which 
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it acts and the solvent in which it is dissolved, can cause a completely 
reversible or an irreversible block of nervous conduction in myelinated 
and unmyelinated nerve fibres. 

3. The order in which the fibre groups are blocked is the same as that 
for local anaesthetics, small fibres before large fibres. The greatest dif- 
ferential action is seen between C and A fibres. 

4. The irreversible blocking also affects the small fibres more than the 
large: recovery is most likely to occur in the fast conducting fibres of the 
A group and least likely to occur in the C fibres. 


We take this opportunity of thanking Drs E. A. Carmichael and W. A. Cobb for facilities 
to do this work and for their help. 
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THE MEASUREMENT OF METABOLIC AND VASCULAR 
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The interpretation of temperatures recorded from most tissues of the 
body is a matter of some complexity. Four major factors may usually 
be considered as of primary importance, namely, the temperature of the 
blood flowing to the tissue in question, the rate of flow of blood in the 
tissue, the ‘cooling power’ of its environment and, lastly, the rate of 
metabolic heat production within the organ. 

Thermocouples heated by means of a current passed through a small 
heating filament have recently been used by several workers to elucidate 
blood-flow change in internal organs. It might reasonably be assumed that 
metabolic heat production would have the same effect on a thermocouple 
thus artificially heated as on an unheated thermocouple. Acting on this 
assumption Grayson & Kinnear (1958) devised a method whereby blood 
flow could be estimated by means of a heated thermocouple technique 
(internal calorimetry, Grayson, 1952). Steps were taken to allow for the. 
temperature of the blood flowing into the part and to allow for possible 
variations in heat loss from the part. The result was used to determine 
the unknown remaining variable, namely; metabolic heat production. 

The purpose of the present paper is to report further investigations 
designed, in particular, to study the validity and scope of this approach 
to the measurement of metabolic heat production. The physiological 
aspects of the investigation are, therefore, not to be regarded as complete 
in themselves, for although interesting comparisons between liver and 
muscle have been revealed, the primary purpose of the observations was 
to demonstrate the usefulness of the method. | 


METHODS 


| Internal calorimetry 
The technique of ‘internal calorimetry’ for the measurement of blood flow in internal 
orgens has been fully described previously (Grayson, 1952). It depends on the thermo- 


_ électric measurement of thermal conductivity. It has been shown elsewhere that conductivity 
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increment (i.e. the thermal conductivity of living tissue less the thermal conductivity of 
dead tissue) is an approximately linear function of blood flow (Grayson, 1952). 

There are at least three accepted methods for the evaluation of thermal conductivity 
with heated thermocouples. One is the method described by Grayson (1952) who used a 
manually operated apparatus and a ‘cold junction’ outside the organ under investigation. 
One is the method of Hensel, Ruef & Golenhofen (1954) which uses a needle-mounted 
heated thermocouple with the cold junction incorporated in the needle shaft. The other is 
the ‘automatic’ method of Carlyle & Grayson (1956), which also has a cold junction outside 
the organ. For reasons which will be apparent later this is the only method applicable to 
the determination of metabolic heat production. 

This technique, in the form used in this laboratory, uses a simplified circuit (Grayson & 
Mendel, 1957) whereby current is supplied to the heaters of the thermocouple in cyclic 
fashion as follows: 0-200 A* for 24 sec; 0-600 A® for 17 sec; 0-315 A* for 24 sec; no current 
for 17 sec. This cycle is continuously repeated. 

The heated thermocouple is of the type described by Grayson & Haigh (1954). 

Cam-operated switch gear. The source of current is a 6 V car battery. A Muirhead decade 
resistance (10) on one lead gives a rough control of input current. The other lead is 
attached to the common pole of three micro-switches operated by cams driven by reduction 


gear at a rate of one revolution/82 sec from a constant speed motor. There are four cam 


positions, so that each switch is brought into the circuit in turn, followed by a short period 
with all switches in the ‘off’ position. 

This is a simplified version of previous circuits. There are no terminals. All connexions are 
within the box. The output leads pass straight to the heaters of the recording thermocouple. 
(The manually operated box described in previous papers has now been finally discarded.) 

The recording apparatus consists of a Cambridge D’Arsonval galvanometer (internal 
resistance 50) with a shaft of light recording on a slow moving recording camera (paper 
width, 124 mm). (In recent experiments a Cambridge four-channel recording camera with 
two channels converted to temperature recording, by substitution of a D’Arsonval unit for 
the standard oscillator, has been found satisfactory.) 

Insertion of recorder, Wistar strain rats, average weight 200 g, were used in these experi- 
ments. Recorders were planted in the liver according to methods described previously 
(Grayson & Kinnear, 1958). The cold junction was situated intra-abdominally near the 
portal vein. In the present experiments it was found preferable to bring all leads to the 
surface of the animal and complete the constantan connexions of the thermo-electric circuit 
outside the animal. 

In-the present work all recording of liver blood flow-and-metabolism was made on the 
conscious animal. The leads from the apparatus were connected to the thermocouple leads 
and heater leads from the animal by soldering. The joints were covered with adhesive 
strapping and the animal was allowed free movement inside its cage. 

For intravenous injections a polyethylene cannula was inserted into an external jugular 
vein at the same time as the insertion of the recorders, and brought out through the back 
of the neck. During an experiment a connecting length of polyethylene tubing enabled the 
animal to move freely in its cage, yet to receive intravenous injections without disturbance. 
Unfortunately it was not possible to withdraw sufficient blood through this type of cannula 
for blood-sugar estimations. 

Muscle recording. In these experiments lightly anaesthetized rats were used. The recording 
thermocouple was inserted through a stab incision into the substance of the gastrocnemius 
muscle of one side, | 


Forestimation of heat production it is necessary that the cold junction shall be in a situation 


representative of the temperature of the afferent blood. In some experiments the cold — 


junction was accordingly introduced through the opposite femoral artery and pushed up to 
the aorta. In other experiments the cold junction was stitched into the mesentery near its 
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root (a much simpler and less traumatic procedure). Evidence will be adduced to demonstrate 
that under the conditions of these experiments mesenteric and aortic temperatures are 
linearly related. Consequently for most purposes it was thought sufficient to use the mesen- 
teric situation for the cold junction. In all other respects the technique of recording from 
muscle was identical with that used for the liver. 


A 
| 
B 


Time (5 min intervals) 
Fig. 1. Photographic records of liver temperature with a heated thermocouple 
in @ conscious rat (tracing from original). A, intravenous insulin (2 u.) given 
at arrow. B, intravenous glucose (220 mg) given at arrow. Both records from 
same rat but on different days. 


Determination of metabolic heat production 

Figure 1 shows a typical record produced by the automatic recorder. The use of records 
of this type for the measurement of thermal conductivity and blood flow in living tissues 
has already been fully described. Nevertheless, the entire concept of metabolic heat pro- . 
duction measurement depends on this beginning. Since the investigation of the validity of 
heat production measurement depends on an understanding of the physical principles 
involved, some recapitulation is probably necessary at this stage. 

It has been shown (Grayson, 1952) that the temperature of a heated thermocouple 
embedded in a mass of tissue sufficient to be regarded as infinite is governed by the following 
relation | 

PR = 4nr6k 


or, more simply, J? = F'0k (where F is an instrumental constant, J is the heating current, 


_R the resistance of the heating elements, @ the temperature rise produced by the current 


and & the thermal conductivity of the substance or tissue in which the recorder is embedded). 
This relation applies strictly to a heated thermocouple through the heaters of which a 
steady current has been passed long enough to establish equilibrium. The present techniques 
employ a cyclic current in order to speed up temperature equilibration. 

From the record shown in Fig. 1 it will be seen that when the current rises from 0 to 


9-200 A, the temperature also rises to an ‘equilibrium’ level (lower equilibrium). When the 
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current rises to 0-600 A* (booster), the temperature rises suddenly to a peak; then when the 
current is lowered to 0-315 A® the temperature falls to another ‘equilibrium’ level (upper 
equilibrium), When the current is switched off altogether, the temperature falls below 
lower equilibrium level. 

The difference in temperature between upper and lower equilibrium levels forms the basis 
of méasurement for the calculation of thermal conductivity. In the present work the actual 
level of the lower equilibrium forms the basis for the calculation of metabolic heat production. 

Calculation of excess temperature. Starting from an arbitrary point on a record it is easy 
to measure the actual changes which occur in lower equilibrium temperature. It is also 
possible, starting from the same point, to determine the changes which should have occurred 
in lower equilibrium temperature if the only factor concerned were blood-flow change. 


Upper | 1-0 °¢ 


equilibrium 
Lower 
equilibrium ‘ 


10 15 20 25 30 
Time (min) | | 
A. 

Fig. 2. Treatment of a recording in determination of excess temperature. Same 
tracing as Fig. 1 A. Upper equilibria and lower equilibria joined. Vertical distance 
between upper and lower lines = 9, At A (before insulin), 0, = 0-64° C; at B (after 
insulin), 0, = 0:69°C, At A, temperature of lower equilibrium, ¢, measured 
from bottom of paper = 0-66° C; at B, lower equilibrium, #, = 0-96° C. Rise in 
lower equilibrium temperature = 0-3°C. Calculated temperature change due to 
blood flow alone = ?2$ (0,—4,) (see text). Excess temperature 


= (0,—0,) = 0-2°C. 
(In practice temperatures are measured in mm, conversions to °C being done by 
adjusting the ordinate of the derived graph of excess temperature.) 


0 


-= 


Measurement of actual change. Figure 2 (the same experiment shown in Fig. 1 A) is a record 
of the effect of insulin on rat liver. The temperature change between point A and point B 

can be determined by measuring from the bottom of the paper at each point and sub- 
tracting. In Fig. 2 the lower equilibrium temperature rose by 0-3° C. 

Prediction of change due to blood-flow change. The only assumption involved in the following 
calculation is that, at any one point on the record, J* and @ are linearly related. 

Let 8 be the difference between lower and upper equilibrium temperatures. In Fig. 2 
at position A, @ = 0-64°C. Under the conditions of thermal conductivity appertaining at 
that moment, this is the temperature rise produced by a current of 0-115 A?. 

But the lower equilibrium is maintained by a current of 0-200 A*. By simple proportion, 
the temperature rise which would be produced by a current of 

A? = 0-200/0-115 x 0-64° C. 
At position A this = 11°C, which is the amount by which the heating current has 
raised liver temperature. At position B, where the conditions of thermal conductivity were 
different, the same calculation may be applied. At this position @ = 0-69° C. Whence the 
amount by which the lower equilibrium heating current has raised liver temperature = 1-2°C. 
Subtracting the values obtained at A from those obtained at B, it can thus be estimated 
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that changes in thermal conductivity occurring as a result of alteration in blood flow 
should have produced a rise in lower equilibrium temperature of 0-1° C. This is 0-2° C less 
than what in fact occurred. 

In the example shown in Fig. 1 B, similar calculations show the opposite effect, the actual 
drop being greater than the calculated effect. Such temperature discrepancies between 
real and predicted changes will be referred to as ‘excess temperature’ and evidence will be 
adduced to demonstrate that ‘excess temperature’ is, in fact, due to changes in tissue 
metabolism. 

RESULTS 


Validity of blood flow and excess temperature calculations 
By means of manual recording the validity of the relation, J? = F6k has 


been amply demonstrated. For purposes of metabolic heat recording it is, 


however, necessary to ensure that the same relation holds good with 
automatic recording. For blood flow determination, J? being constant, it 
will be sufficient to demonstrate linearity between 1/9 and k. For excess 
temperature determination, however, the relation between 1/@ and k 
does not enter into the calculation and it will be sufficient to demonstrate 


linearity between J? and 1/0. 


Relation between 1/0 and k. For the purpose of blood-flow measurement 


this relation has probably been sufficiently confirmed by previous work. 


Thus, using a wide series of gelatine/water and gelatine/water/graphite 
gels, Carlyle & Grayson (1956) showed a linear relation between 1/0 as 
obtained by the photographic method and thermal conductivity measured 
by the manually controlled heated thermocouple technique (Grayson, 1952). 
Further, perfusion experiments in the brain also showed linearity between 


_ 1/@ and blood flow. 


Later in this paper, however, calculations will be presented which depend 
on the full validity of the equation, J? = F0k. It was thought desirable, 
therefore, to repeat these experiments. Figure 3B shows the relation 


between 1/0, recorded photographically, and k obtained by the method 


of Grayson (1952), using for the purpose a series of gelatine/H,O and 
gelatine/graphite/H,O gels. It is apparent that the photographic method 
can be used with complete accuracy for the determination of absolute 
thermal conductivity. Figure 3A shows the results of a typical perfusion 
experiment in which the liver was perfused with dextran solution through 
the portal vein. The inflow was controlled and measured. It will be seen 
that the relation between 1/9 and flow was completely linear over the 
range of perfusion rates selected. 

Relation between I? and 6. Linearity between J? and 6 has been demon- 
strated with thermocouples heated by a simple heating current (Grayson, 
1952). It has never been confirmed with automatic recording. Since all 
calculations are limited to upper and lower equilibria it will be sufficient 
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Fig. 3. A, Relation between flow and 1/8; liver perfused with dextran through 
the portal vein. B, Relation between 1/@ and thermal conductivity; readings 
from a series of gelatine/H,O and gelatine/graphite/H,O gels. 

For this purpose the photographic records obtained during normal } 
experiments afford sufficient proof on the basis of excess temperature 
calculations made at upper and lower equilibrium levels: Calculated on 
the assumption of linearity between J? and @ (see Methods), at lower 
equilibrium 

Excess temperature = (t,—t,)—$$2 (0,—9,). 
Calculated in the same way at upper equilibrium : - 
Excess temperature = (0,—9,), re 
where = upper equilibrium temperature at B, 
t; = upper equilibrium temperature at A. te 
But t, = (t.+6,); = (t,+9,), al 
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Therefore excess temperature = (t,+6,)— (t,+0,)— 345 (0,—0,) 
= (t,—t,) + (0,—0,) (0,—9,) 
= tg—t,— 775 (0,—0,). 


‘Ifthe assumptions of linearity between J and @ were not correct the above 


relations could not hold, and different values of excess temperature would 
be obtained in upper and lower equilibria. In fact 300 random calculations 
have been made in twenty experiments. The results of four of the experi- 
ments are shown in Fig. 4. It will be seen that excess temperature was 
always the same whether calculated from upper or from lower equilibrium 
levels. 


a 
10 
10 | l L l l 


0 5 10 25 
Excess temp. (°Cx 10-7; from lower equilibria) 


Fig. 4. Relation between J* and §. Excess temperature from four different 
| experiments; ordinate, calculations from upper equilibrium ; abscissa, calculations 
from lower equilibrium. 


It must, therefore, be concluded, that under the conditions of the 


present experiments, J? and @ are linearly related. 


Experimental assumptions. Reference has already been made to these 
as regards the liver (Grayson & Kinnear, 1958). There are two. One is 
that the ‘cold junction’, fixed to the mesentery near the portal vein, 
represents closely the mean temperature of the blood flowing to the 
liver. The other is that heat loss from the liver through the diaphragm and 
body wall is a fairly constant factor reacting only slowly on over-all liver 
temperature. The experimental justification of these assumptions has 


- 


i 
4 


588 F. 0. DOSEKUN, J.GRAYSON AND D. MENDEL 


With respect to the muscle, for many experiments the cold junction 
was inserted through a femoral artery into the aorta near its bifurcation. 


It is reasonable to suppose that this situation represents the temperature 
of the blood flowing to the limb. In other experiments the cold junction 


was stitched to the root of the mesentery near the aorta. Figure 5 shows 


the results of an experiment in which simple temperature was recorded 
from the aorta and the mesentery during an insulin experiment. It will 
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Fig. 5. Relation between the temperature of the mesentery and that of the 
aorta in three rats. Temperature changes induced by means of pentobarbitone 
and insulin. | 


be seen that both temperatures reacted similarly. Similar results were 


obtained in all such experiments and it was considered justifiable to use 


the mesenteric situation for the cold junction. Variations in heat loss are 
not considered to be such a likely source of error as in the liver since the 
limb was always wrapped in cotton-wool, and the experiments carried 
out under conditions of constant temperature. 


Laver blood flow and metabolism 
Conscious rats were used in experiments to determine the effects of 


insulin, glucose and. combined insulin and glucose, on liver blood flow and 


temperature. After the insertion, under light ether anaesthesia, of a 


blood-flow recorder in the liver, a cold junction in the mesentery and a 
polyethylene cannula into a jugular vein, the animals were allowed to 


recover consciousness before recording was begun. Occasional restless 
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animals were given 0-02 ml. pentobarbitone sodium through the poly- 
ethylene cannula to produce mild sedation. 

Insulin. The effect of insulin on liver blood flow and temperature was 
determined in six experiments. After a preliminary period of recording 
for 30 min, insulin (Insulin A.B., British Drug Houses, Ltd., 40 u./ml.; 


Taste 1. The effect of insulin on liver blood flow and calculated excess temperature. Values 
for liver blood flow are expressed as thermal conductivity increments (8k x 10-*) above the 
thermal conductivity of dead liver 


Blood flow Metabolism, 
3 maximum change 
Average in excess 
maximal temperature 
Average 5k after (°C x 10-*) 
Expt. no. initial 5k insulin 
6-8 9-4 +13 
2 5:3 + 12-5 
3 1-5 2-3 +19 
4 7:8 12-6 + 6 
5 7:4 6-3 + 6 
6 0-6 1-2 +18 
Insulin 
A 
2 
x 
a. 
5 


10 20 30. 40 50 60 
Time (min) 


Fig. 6. The typical effect of insulin (1.v.), A, on blood flow (8k); B, on metabolic heat 
production (excess temperature) in the liver of a conscious rat. 


1i.u./100 g rat) was given intravenously and recording continued for a 


further 60 min. The changes in the thermal conductivity of the liver 
(expressed as thermal conductivity above that of the dead liver (5k) and 
the calculated ‘excess’ temperature are shown in Table 1. The pattern of 
a typical response is shown in Fig. 6: 
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It can be seen that in three experiments there was a rise in 5k values 
amounting to 38-62 % of the initial values. In one experiment there was 
a slight fall in 6¢ values, and in two experiments, where the initial 54 
values were low, being 1-5 x 10-4 and 0-6 x 10~, there was probably no 
change. In the experiments in which a rise in 5 values occurred the 
change started within 10 min after giving insulin, and was maintained 
for a further 10-30 min. The response shown in Fig. 6A represents 
Expt. 2 (Table 1), and the blocks are the average 5k values for five successive 
cycles. 

The results for the calculated maximum excess temperature were more 
constant than the blood-flow response, a rise occurring in every case 
(Table 1). The maximum calculated excess temperature varied from 
6x 10-2 to 19x 10-2 ° C. The response shown in Fig. 6B has also been 
plotted from the average calculated values in five successive cycles. The 
rise in excess temperature started within 10 min of insulin injection, 
reached a maximum in from 10 to 20 min, and then fell. In many experi- 
ments, however, it remained above resting values for the remainder of the 
experiment. 


TaBLeE 2. The effect of glucose on liver blood flow and calculated excess temperature 


Blood flow 
A Metabolism, 
Average | maximum change 
maximal in excess 
Ave dk after temperature 
Expt. no. initial glucose (°C x 107) 
1 6-0 8-4 — 29 
2 71 —17 
3 33 (43 — 20 
4 6-3 8-3 +20 
5 4:7 6-8 +13 
6 3°7 5-0 + 30 
7 8-9 10-4 —12 
8 1-0 2-1 —48 
9 11-8 12-2 — 29 
0 5-9 7:4 — 65 


Glucose. The effect of glucose on liver blood flow and metabolism was 
determined in ten experiments. Glucose was given through the poly- 
ethylene cannula in the dose 100 mg/100g rat, 100 mg glucose being 
dissolved in 0-3 ml. saline. The change in 5k values and calculated excess 
temperature are shown in Table 2, and a _ response (Expt. 2) is 
shown in Fig. 7. 

It can be seen from Table 2 that there 1 was an increase in 5k values in 
eight experiments amounting to from 17 to 100% of the initial values. 
In one experiment (Expt. 9) there was no significant change in flow, and 
in Expt. no. 8, where the initial 54 value was 1-0 x 10-4, the change was 
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probably also not significant. Changes in 5k values started within 10 min 
of giving glucose, and in five experiments reached a maximum within 
20 min, and then declined to resting values after a further 10 min. In 
three experiments, however, the rise in 5¢ values occurred more slowly and 
remained high for the rest of the experiment (Fig. 7A). 
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Fig. 7. The typical effect of glucose (100 mg/100 g rat, 1.v.) A, on blood flow; 
B, on metabolic heat production in the liver. 


In seven of these experiments there was a fall in the calculated average 
excess temperature (Table 2) varying from —12 to —65x10-*°C. In 
three experiments there was a rise in excess temperature. The fall in 
excess temperature occurred within 5 min of the injection of glucose, the 
temperature remaining depressed for over 60 min in four experiments 
(Fig. 7B), and for 30 min in three experiments. 

Glucose and insulin. The effect of combined glucose (100 mg/100 g rat) 
and insulin (1i.u./100 g rat) on liver blood flow and temperature was 
determined in ten experiments. The results for 5¢ values and excess 
temperature are shown in Table 3, and the varying pattern of response in 
Fig. 8. From Table 3 it can be seen that there was an increase in 5k 
values in six experiments, a fall in two and no change in two experiments, 
In the experiments in which there was a rise in 5k values the response, 
which was usually slight, occurred within 5 min and lasted from 10 to 
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20 min (Fig. 8B). Where a fall in 5k values occurred, the response tended 
to persist for some 50 min before recovery to initial dk levels. 

The changes in calculated excess temperature shown in Table 3 were 
very variable. In five experiments there was a rise in calculated excess 
temperature, in two of which the changes were only 1 and 4x 10-* °C. 

Figure 8 shows the pattern of response in three experiments. In the 
experiment shown in Fig. 8A there was no change in flow, and a small rise 
in excess temperature occurred 30 min after injection of glucose and 


insulin. In the experiment shown in Fig. 8 B there was a rise in blood flow 


TaB.eE 3. The effect of glucose and insulin on liver blood flow 
and calculated excess temperature 


Blood flow 
A Metabolism, 
Average maximum 
maximum change 
ok after in excess 
Average glucose and temperature 
Expt. no. initial dk insulin (°C x 10-*) 
3 6-0 7-2 — 4 
2 3-8 + 4 
3 5-6 4-4 + 6 
3-0 1-7 —19 
5 1-0 3-0 + 1 
6 13 2-9 +12 
7 4:6 6-6 — 23 
8 16-7 16-5 — 50 
9 8-4 11-4 +14 
10 3-2 4-3 — 3 
A 
2 
x 
0 
Vr 
12+ 
16 
20 l 


20 40 6 80 100° 20 40 60 80 20 40 60 80 100 
Time (min) 
Fig. 8. Liver blood flow and metabolism; typical responses to combinations of 
insulin (1 i.u./100 grat) and glucose (100 mg/100 g rat; three experiments A, B 
_ and C). 1.v. injections given at arrows. 
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of short duration and marked rise in calculated excess temperature, and 
in the experiment shown in Fig. 8C there was a fall in blood flow which 
persisted for 60 min, and a marked fall in calculated excess temperature. 

The effect of adrenalectomy. In nine experiments the adrenal glands 
were removed at the time of the insertion of the liver blood-flow recorder 
and the cold junction, and the experiments with insulin, mnectaaes and 
glucose and insulin were repeated 2 hr after operation. 


9+ 


Fe! 


12 
8 
20. 40 60 80 100 20 40 60 20 40 60 
Time (min) 


Fig. 9. The influence of acute adrenalectomy on blood flow and metabolic responses 
_ of rat liver, A, to insulin alone; B, to glucose alone; C, to a combination of glucose 
and insulin. All doses as before ; 1.v. injections given at arrows. 


The results are shown in Fig. 9. Figure 9A shows a response with insulin 
alone. In this experiment there was a fall in 5k values and a rise in calcu- 
lated excess temperature. A fall in 5é values occurred in two of the 
three experiments and in the other there was no change. A rise in . 
calculated excess temperature occurred in all these experiments. Figure 9 B 
shows the response with glucose. It can be seen that there was a rise in 


$k values of short duration, and a moderate fall in calculated excess 


temperature. A similar response was obtained with glucose and insulin 
(Fig. 9C). These changes were obtained with the other two experiments 
in each group. 


Muscle blood flow and metabolism 


Records were obtained from the belly of the left gastrocnemius muscle 
of the lightly anaesthetized rat (0-15 ml./100 g pentobarbitone sodium, 
reinforced in some cases by one further dose of 0-05 ml.). Intravenous 
injections were made through a cannula in the external jugular vein. In 
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each case an initial period of 1 hr was allowed with the heater circuits 
running for equilibration before recording was begun. 

The effect of insulin on muscle blood flow and metabolism. The results of 
a typical experiment are shown in Fig. 10. Insulin (2 u.) was injected after 
recording the base line for 20min. No significant change occurred in 
blood flow. There was a marked increase in excess temperature, which 
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Fig. 10. Effect of insulin A, on blood flow (8k), and B, on metabolic heat 
production (excess temperature) in rat gastrocnemius muscle. 


reached a maximum 20 min after giving insulin. Thereafter excess tempera- 
ture subsided slowly to resting levels. Table 4 gives the results of eleven 

similar experiments. It will be seen that significant changes in blood flow 
- were recorded in only three experiments, but that excess temperature 
rose in nine, the peak effect occurring 20-40 min after the injection. 

The effect of glucose on muscle blood flow and metabolism. Figure 11 shows 
the results of a typical experiment in which 220 mg glucose was injected 
intravenously after 20 min of base-line recording. There was no change 
in blood flow. Excess temperature, however, fell markedly, reaching its 
lowest point 40 min after the injection. Thereafter it began to recover 
slowly. 

Table 5 gives the results of eleven similar experiments. The effects on 
blood flow were usually slight. In three instances a slight rise was recorded, 
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in one case there was a fall, in the others no significant blood-flow change 
could be detected. The effects on excess temperature were more pronounced. 
In nine experiments there occurred pronounced depressions in excess 
temperature and metabolic heat production. In two experiments small 


TaBLeE 4, The effect of 1.v. insulin on rat skeletal muscle 
' blood flow and excess temperature 


Maximum 
change in Time to 
excess maximum 
temperature effect 
Expt. no. Change in dk (°C x 10>?) (min) 
1 nil nil — 
2 ‘nil nil — 
3 nil +2°5 35 
4 nil +11 20 
5 0-6 rising to 1-2 +4-4 20 
6 nil + 0-2 40 
7 nil +41 40 
8 1-9 rising to 5-9 +49 40 
9 4-7 rising to 5-2 +4-4 40 
10 nil +43 20 
11 nil 30 


8k x10-4 
T 


Excess temp. (°C x 10~) 


10 
5 
0 L 1 al l 
20 30 40 50 60: 
Time (min) . 


Fig. 11. Effect of 1.v. glucose (100 mg/100 g rat), A, on blood flow; B, on metabolic 
! heat production in rat gastrocnemius muscle. 
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Taste 5. The effect of 1.¥. glucose on muscle blood flow and excess temperature 


Maximum 
change in Time to 
excess maximum 
temperature effect 
Expt. no. Change in dk (° Cx 10-*) (min) 
1 nil — 2-5 17 
2 nil — 16-4 50 
3 1/8 rising to 3-1 —3-7 10 
4 nil —1-8 50 
5 3-7 rising to 4-8 50 
6 8-2 rising to 10-8 —0-5 50 
7 nil —0°6 45 
8 | nil —0-4 10 
9 4-2 falling to 1-3 +0-7 15 
10 nil +1-2 30 
11 nil — 3-0 40 
2 0 ag | A 
° 15 
a 
65 
0-0 l 1 1 l 
B 


Fig. 12. 


Excess temp. (°C X 10-2) 
T 
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Effect of insulin (1 i.u./100 g rat) and glucose (100 mg/100 g rat), A, on 
blood flow and B, on metabolism in rat gastrocnemius muscle. 
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- jnereases were recorded. The timing of — maximum effects varied from 


10 to 50 min after the injection. 

The effect of glucose plus insulin on muscle blood flow and metabolism. 
Figure 12 shows the results of a typical experiment in which 2 u. insulin 
and 220 mg glucose were given together. No significant change occurred 
in muscle blood flow. There was, however, a marked effect on excess 
temperature which began to rise almost immediately reaching a plateau 
of effect after 20 min. The results for calculated excess temperature in 
six similar experiments are given in Table 6. In every case there was a 
pronounced rise in excess temperature beginning early and reaching a 
maximum in 20-45 min. There was no change in muscle blood flow in any 
of these experiments. 


Tase 6, The effect of 1.v. glucose + insulin on rat skeletal muscle excess temperature 


Maximum change 
in excess * Time to 
temperature § max. effect 
Expt. no. (°C x 10-*) (min) 
1 + 54 25 
2 +13°9 45 
3 +11-0 40 
4 + 8-4 30 
5 + 33-9 40 
6 + 21:2 20 


Quantitative calculations of heat production 


Excess temperature as used hitherto in this paper is merely a qualitative 
interpretation of changes in heat production beginning from an arbitrarily 
selected point. The following approach is an attempt to evaluate liver 
heat production in more absolute terms. 

Heat changes between heated thermocouple and the surrounding tissues 


are governed by the equation J? = Fk. The fact that the liver itself is 


also a producer of heat is normally only indirectly allowed for. Consider 
two points A and B on the record (Fig. 2). Let the heat production of the 
liver at A be H, and at B, H,. Let the temperature of the lower equilibrium, 
in excess of the afferent blood, at A be ¢, and at B, t,. The square of the 
heating current at lower equilibrium = 0-200 A?. Whence 


(i) at A; H,+0-200 = Ft,k, (t, and t, are herein substituted for @ in 
the formula I 2 = FOk): 


(ii) and at B; H,+0-200 = Ft,k,. 


But at position B, heat production in the liver has changed by an 
amount giving rise to an excess temperature-e, which can be measured by 
methods already clarified. Let the difference between iti and lower 
equilibrium temperature be 6, at A and @, at B. 
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At B, 6, is the temperature rise produced by 0-115 A?; whence a tempera- 
ture of e would be produced by a current of (0-115e/0,) A? 


-115e 
(iii) whence H, = H,+2 9 
2 
from H, +0-200+° = 

but from (i) - F = (H,+0-200)/t,k,; 

(iv) whence H, +0-2004 = (H, + 0°200). 
| 2 bh 


In any experiment e, 0,, k, and k, are known or can be calculated from 
the record; ¢, and t,, however, give rise to difficulty. The value t, represents 
« temperature increment over and above the temperature of the inflowing 
blood produced partly by a heating current of 0-200 A?, partly by the 
metabolic heat production of the tissue. In the case of liver there is 
considerable heat loss through the diaphragm and abdominal wall, which 
cannot be evaluated; ¢, cannot, therefore be measured directly. If the 
metabolic work done by the tissue were small in comparison to the work 
done by the heating element it might be sufficiently accurate to consider 
only the temperature increments produced by the heating current. In 
the case of liver these assumptions might not be justified. 

_ The following calculation was made on a record from an experiment in 
which, although the blood flow changed, the recorded temperature 
difference between point A and point B did not change. The value f,/t, was 
therefore unity and the calculation could be carried out without making 


any further assumptions. Figure 13 is the graph of excess temperature. | 
At position B, e = 0:23°C.., 0, = 0-71°C, k, = 18-8 x 10+, k, = 16-9 x 10%. 


Applying the formula: 
H, +0-200+ 0-0374 = 1-11H, + 0-222, 
whence H, = 0-138 A?, : 
and HA, = 0-175 A?. 


In two other experiments only were similar conditions found, i.e. no 


- change in the level of ¢, and ¢,, with, however, changes in k. In these, 


the corresponding values of H were 0-070 and 0-120 A?, respectively. 
It is clear, then, that the heat production of the liver substance is very 


considerable and cannot be ignored in the calculation. At present, there- 
fore, knowledge of heat production in the liver in quantitative terms is 


derived from these three rats. As will be shown, however, they do give 
some further information which may be of value. 
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- The situation with regard to calculations in muscle is rather different. 
From three cases where the lower equilibrium temperature did not change, — 
yalues for H were found to be 0-003; 0-005; 0-0004 A?. These are exceedingly 
small and indicate a low resting metabolism, small in comparison with the 
heat produced by the heaters of the recorders. It is considered that in 


youscle, therefore, the tissue contribution to t, may be ignored and the 


30 
Insulin 


{ 


oO 


Excess temp. (°C x10) 


! 


B 
| L | L 
0 10 20 30 40 ae 
Time (min) 


Fig. 13. Rat liver.excess temperature changes following insulin; experiment to 
illustrate further calculations regarding heat production. In this experiment, 
although the blood flow changed, there was no change in lower equilibrium 
temperature between A and B, thus enabling heat production at A to be calculated 
in quantitative terms (see text). Values for position C were then determined 
from excess temperature and blood-flow data. . 


_ calculation applied more widely. The figures thus obtained give a com- 


parison between heat production of the liver and the heat production of 
an electrically heated thermocouple operating under the same conditions 
in muscle. | 

It is, perhaps, difficult to visualize the meaning of this in terms of liver 
function. A further extension of the calculation, may, perhaps, clarify 
the issue. From the experimental values, at point A (Fig. 13), @ = 0-77° C, 
Le. a current of 0-115 A? produced a temperature rise of 0-77° C, whence 
a current of 0-138 A? would have produced a temperature rise of 0-92° C. 

Now the flow of blood through liver is so high that the bulk of liver 
tissue available to be heated may be ignored. It may reasonably be 


_ assumed that most of the heat goes to raise the temperature of the blood 


flowing through the liver. Therefore 0-92° C is the temperature by which 
metabolic heat has raised that of the blood flowing into the liver. Now, 
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if the blood flow through the liver were known in absolute terms it would 
clearly be simple to calculate heat production in terms of calories. But 
although in the present experiments total flow has not been recorded, 
_ $k, which is a linear function of blood flow, has. Multiplying the metabolic 
_ temperature rise by 5k will, therefore, give a figure in arbitrary units which 
is a simple function of heat production in calories. 

Referring to the experiment above and applying this calculation to 
Fig. 13 we get: 


at point A, 5k = 6-2x 10-4; @ = 0-77° C: metabolic temperature incre- 


ment = 0:92° C, 
at point B, 8k = 8-1x 10+; @ = 0-71° C: metabolic temperature incre- 
ment = 1-09°C, 


at point C, dk = 46x 10-4; @ = 0-83° C: metabolic temperature incre- 


ment = 1-09° C. 
bid capi in arbitrary units, heat production is as follows: 
at point A —0-92x6-2 = 5-7, 
at point —1:09x8-1 = 
at point C —1-09x 4-6 = 5:6. 


For most of our present purposes this is as far as the calculations may be 
taken with any confidence. However, for the purposes of comparison 
with other data concerning liver metebovam the following approximation 
may have its interest. 

In an earlier paper, Grayson (1952) eines ae that a mean 6k level of 
12x 10 usually approximated to an over-all liver blood flow of about 
100 ml./100 g tissue/min. At point A, 8k was 6-1x10-. The average 
weight of the livers of the rats used in the present experiments was 8-0 g. 
_ It is reasonable, therefore, to assume that the total liver blood flow in this 
experiment was in the region of 4 ml./min. A further assumption which, in 
fact, is confirmed by unpublished observations on human liver (Grayson 
& Kinnear) is that no great temperature gradients occur within the liver. 
Now the temperature increment at point A (Fig. 13) produced by meta- 


bolic heat is 0-77(0-138/0-115) = 0-92°C. It is assumed that this tem-— 


perature increment is evenly distributed. It follows, then, that in this 
rat the heat production of liver (this was a conscious rat) at rest was 
0-92 x 4 cal/min = 3-68 cal/min. 

The calculation of heat production in terms of J? equivalents may, 
obviously, be equally applied to muscle. The further treatment of the 
figures may probably be applied with equal validity, since we are dealing 
only with fully equilibrated temperatures. At equilibrium the initial 
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task of heating the bulk of muscle tissue has already been accomplished. 
The further heat production is spent in heating the admittedly small flow 
of blood and in maintaining the temperature of the muscle bulk. In these | 
experiments heat loss from the muscle was restricted by enclosing the 
limb in cotton-wool and may probably be ignored. 

In calculations on muscle, however, consistency was difficult to obtain 
since the differences in total thermal conductivity before and after giving 
insulin were usually small and minor faults in recording made the value 
t,k,/t, k, hard to evaluate reliably. The figures shown in Table 7 were from 
experiments which gave consistent results. A comparison of the figures 
from liver and muscle shows a very marked difference in resting heat 
production per unit mass of tissue, heat production in liver being almost 
95 times that of resting muscle. On the other hand the effect of insulin is 
to raise the heat production of liver by 44%, that of muscle by 670%. 
Nevertheless, the gross rise produced by insulin remains far greater in 
liver than in muscle. | 7 


DISCUSSION 
Measurement of metabolic heat production 


The present paper presents a technique for the evaluation of metabolic 
heat production in liver and muscle. Most of the findings have been 
presented in terms of ‘excess temperature’, a simple concept indicating 
the difference between what actually occurs in liver or muscle and what 
would have occurred if, during the experiment, the only factor serving 
to alter tissue temperature were blood flow. 

One assumption is of the highest importance, namely, that the cold 
junction is in a region representative of the temperature of the blood 
flowing to the organ. In the present work, this assumption presents little 
difficulty for reasons which have been fully described earlier in this paper, 


_ butit is apparent that instruments in which the cold junctionis incorporated 


in the shaft of the needle housing the heated thermocouple (Hensel et al. 
1954) would not be suitable for metabolic heat determinations. 

The only other experimental factor which could easily affect the validity 
of the conclusions would be if large changes were to occur in the direct 
heat loss from liver or muscle. In the case of the liver it has been shown 
that, although the liver does, in fact, lose a considerable amount of heat 
by direct transfer through the diaphragm and through the abdominal wall, 
this factor cannot account for the phenomenon of ‘excess temperature’ 
(Grayson & Kinnear, 1958). In the case of muscle this factor is even less 
important since the experiments were carried out in constant-temperature 
rooms and the limb was, moreover, encased in cotton-wool so that the 
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ambient temperature of the limb approximated to that of the deep struc- 
tures of the leg. 

The only other major assumption is that J? and @ are linearly related. This 
point has been fully dealt with and there can be no doubt of the relation. 

There can be little reasonable doubt that ‘excess temperature’ gives a 
qualitative picture of changes in metabolic heat production during the 
course of an acute experiment. The further mathematical treatment of 
the results, however, requires considerably more care. 

In the first place the calculation cannot be applied to experiments 
where changes are too rapid. It is essential that reasonable time has been 
allowed for full equilibration of temperatures in relation to changed blood 
flow and heat production. In many experiments changes were too rapid 
for these conditions to be fulfilled. Accordingly, most of the results have 
been presented in the form of excess temperature and are intended to 
give merely a qualitative picture. 

In a number of experiments (Table 7), however, consistent results were 
obtained. In these experiments it seems reasonable to suppose that the 
full calculation gives some indication of the panatonve changes, since 
the only assumption additional to those involved in ‘excess temperature’ 
is that blood flow and 8k are linearly related. This has now been confirmed 
so many times on the basis of perfusion experiments that it can no longer 
be held in reasonable doubt (Grayson, 1952; Hensel et al. 1954). 

Heat production in liver. Table 7 gives the resting heat production of 
liver in three rats. The figures are, of course, arbitrary units, the mean 
value being 3-4. On the basis of the approximations as to weight and 
blood flow dealt with earlier in this paper this is consistent with a mean 
heat production for the whole rat liver of 2-2 cal/min or 132 cal/hr. 
According to Behnke (1958) the total oxygen consumption of rat liver is 
197 ml./hr, approximately 12 °% of the rat’s total consumption. This figure 
suggests a total heat output per hour for rat liver of approximately 
98-5 cal. 

Insulin and the liver 

Blood flow responses. The present experiments add little to the findings 
of Grayson & Kinnear (1958) in this respect. The over-all response is 
confirmed, namely, that usually the hypoglycaemic phase i is accompanied 
by a rise in liver blood flow. 

The results of combining insulin with glucose were much the same as 
those previously reported. In most experiments a combination of these 
two substances produced no significant change in liver blood flow. 

One must probably accept the conclusions of Grayson & Kinnear (1958) 
that insulin in doses sufficient to produce hypoglycaemia produces vasodila- 
tation probably in the hepatic arterial radicles, that this vasodilatation is 
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not nervously mediated, nor can it be accounted for solely on the basis of 
adrenaline release. 

Nevertheless, one additional fact has been elicited in the present work 
which further complicates the picture, namely, that glucose alone usually 
causes some significant increase in hepatic blood flow. It may be that this 
glucose vasodilatation has no connexion with the effects of insulin. The 
original suggestion of Grayson & Kinnear (1958), that insulin does not 


directly cause vasodilatation but produces its effect on blood flow only 


as a result of hypoglycaemia, may still be correct. Nevertheless, it is clear 
that the hepatic blood-flow responses in relation to blood-sugar levels are 
more complex than had been thought and that the present evidence is 
insufficient to warrant further speculation at this stage. 


Taste 7. Liver and muscle heat production per unit mass of tissue (arbitrary units). 


Liver Muscle 
Pre-insulin Post-insulin Pre-ineulin _Post-insulin 

5-64 8-82 0-011 0-15 

242 2:90 0-020 0-18 
0-030 0-15 
2-10 3-10 0-005 0-06 
Means 3-4 4-9 0-036 0-28 


Heat production responses. The heat production responses in the liver 


Were more consistent in many ways than the blood-flow changes. In the 
first place insulin always produced a rise in excess temperature. The 


extent of the rise was variable, but from Table 7 it is seen that the mean 
changes were from a resting heat production of 3-4 arbitrary units per 
unit mass of tissue to 4:9 units per unit mass, i.e. a mean rise in heat 


production of 44%. 


The effect of glucose alone was not so constant but in seven out of ten 
experiments there was a definite fall in excess temperature. | 

The effect of combining insulin and glucose was to produce a variable 
picture. In five experiments there was a fall; in five there was a rise. 
But in most cases the changes were small and the general picture 
of reaction was of a response intermediate between that produced by 
insulin alone and that produced by glucose alone. Clearly, measurements 
of blood glucose levels would have helped greatly in assessing the results ; 


‘unfortunately technical considerations made it impossible in these 


experiments. 


_ The evidence at present does not permit a definitive conclusion as to 


the origin of the increased heat production that follows administration of 
insulin. The fact that glucose alone usually depresses heat production and 
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that a combination of insulin and glucose radically modifies the insulin 
effect suggests that it may be the level of blood glucose rather than the 
direct effect of insulin itself which determines the reaction. If this be so 
it is hard to avoid the further conclusion that it is tae break-down of 
liver glycogen (in response to the low blood sugar) that is the main 
exothermic reaction involved. 

This argument may be taken somewhat further. One of the effects of 
imposing on the animal a raised blood sugar by means of intravenous 
injection of glucose might be expected to be the inhibition of glycogen 
break-down. This procedure usually also inhibited heat production, a 
finding which adds further weight to the possible importance of glycogen 
break-down as the exothermic reaction concerned. 

| Muscle and insulin 

Blood-flow responses. It has been reported elsewhere that insulin usually 
produces an increase in blood flow in human muscle (Allwood, Ginsburg & 
Paton, 1957). In the present experiments this result was not so clearly 
established, only three out of eleven experiments showing clear-cut 
- increments. One reason for this may be found in the nature of the tech- 
nique. Internal calorimetry is not a highly sensitive method. It is hard 
to detect changes in very low blood flows. Conductivity increments 
recorded from rat muscle are usually of the order of 0-1—0-5 x 10~ c.g:s. 
units. Occasionally, however, the recorder is in a situation which yields 
higher values—possibly this may be due to the proximity of large vessels 
or to some other unknown cause. The three examples which yielded positive 
_ blood-flow responses were all cases with relatively high resting conductivity 
increments. It is felt, therefore, that the present results are consistent 
with the view that in the rat, as in man, insulin may produce vasodilation 
in muscle. Combining the insulin with glucose uniformly produced no 
detectable effect on blood flow. Glucose alone had no effect that could 
be-detected in severi experiments. In three out of the other four experi- 
ments it caused a rise in flow. In the remaining experiment it produced 
a fall. There is a superficial similarity between these and the findings 
obtained in liver but clearly further investigation—probably by other 
techniques—will be necessary before the mechanisms involved can be 
elucidated. 

Heat production in muscle. The heat-production responses were much 
more consistent than the blood-flow results. Thus in ‘nine out of eleven 
experiments there was a clear-cut rise in excess temperature, no change in 
the other two. * | 

It is seen from Table 7 that the resting levels of heat production in 
muscle were very much lower than those in liver. Insulin produced rises 
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metabolism to recorded temperature changes, is described, together with 
experiments to justify the assumptions involved. 


muscle. 
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of from 0-036 to 0°28 arbitrary units per unit mass. In terms of percentage 
change this is a considerable increase. In absolute terms, however, com- 
pared with the liver values, they still remain slight. 
The effect of glucose alone was to depress the resting metabolism still 
further in nine out of eleven experiments. 
The effect of combining insulin with glucose, however, was to sais 
increments in heat output in every case of a very high order. Indeed, the 
results obtained suggest that glucose might even potentiate the insulin 
response in muscle. This is in striking contrast to the findings in liver. 
Presumably, following insulin administration there is both increased 
glycogen break-down within the muscle and increased glucose utilization 
by the cells. The simultaneous administration of glucose will help to 
maintain glycogen stores that might otherwise become depleted—and 
possibly, thereby, potentiate the insulin effect. Glucose could be regarded 
as acting within the cell—whither, from experience with tissue space 
measurement, it is clear it will diffuse rapidly. It could be pictured as 
supplying the needs of the cell directly without the necessity for breaking 
down muscle glycogen. The present work shows that glucose inhibits 
muscle heat production. It might well be that in muscle, probably, as in 
liver, glycogen break-down is also a potent source of heat. 


SUMMARY 


1. ‘Internal calorimetry’ has been used for the determination of - 
metabolic heat production as well as blood flow. : 
2. The calculation of ‘excess temperature’, i.e. the contribution of 


3. The method has been applied to a preliminary study of the effects 
of insulin and glucose on blood flow and metabolism in liver and 


4. Resting heat production in rat liver may che expressed in arbitrary 
units which enable quantitative comparisons to be made. Resting heat 
production in liver appears to be about 95 times that in resting muscle. | 

5. Insulin (1.v.) produces a 44°% increase in liver heat production and 
a 670°, increase in muscle heat production. 

6. Glucose (1.v.) depresses both liver and muscle heat production. 

7. Combinations of insulin and glucose (I.v.) produce variable but 
usually slight effects in liver. In contrast, combinations of insulin and 
glucose (1.v.) result in a greatly increased heat production in muscle. 

8. The possible relation of these effects to glycogen break-down is 
discussed. 
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9. In the liver it is confirmed that insulin usually produces vasodilata- 
tion which, however, is prevented by the simultaneous administration 
of glucose. Glucose alone, however, usually also causes vasodilatation. 

10. Subject to the sensitivity limitations of ‘internal calorimetry’ in 
the measurement of muscle blood-flow change it has also been confirmed 
that insulin may produce vasodilatation in muscle, preventable by the 


times also produce vasodilatation. 
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CLOTTING ACTIVITY OF MATERNAL AND 
FOETAL SHEEP BLOOD 


By P. FANTL anp H. A. WARD 


From Baker Medical Research Institute, Alfred Hospital, 
Melbourne, Australia 


(Received 1 September 1959) 


Most of the blood clotting factors are proteins and are produced by the 
liver. However, it is undecided where Factor VIII (antihaemophilic factor) 
is produced. (Nomenclature recommended by the International Com- 
mittee for the Standardization of the Nomenclature of Blood Clotting 
Factors (Brit. med. J. 1959, i, 1292-1294) has been adopted in this paper.) 
Foetal liver lacks certain enzymes essential for protein synthesis, namely, 
those which hydroxylate phenylalanine and oxidize tyrosine (Kenney, 
Reem & Kretchmer, 1958). Further, y-globulins and antibodies, which 
are produced by extra-hepatic tissues (Coons, Leduc & Connolly, 1955; 
Dancis, Braverman & Lind, 1957; Ortega & Mellors, 1957), are either 
absent, or present in only very low concentrations, in the foetal plasma 
of some species (Moore, Du Pan & Buxton, 1949). If, as evidence suggests, 
_ the foetal organism cannot form antibodies it may be possible to introduce 
into it cells which produce Factor VIII in the hope that they will survive © 
and produce Factor VIII in the growing child. If grafting of Factor-VIII- 
producing cells were successful in new-born male infants of mothers who 
are «-haemophilia carriers it should _ be possible to prevent them 
from becoming haemophiliacs. : 

It is therefore essential to know the activity of clotting factors of foetal 
blood. Such data from sheep are given here. 


METHODS 


Healthy ewes of known date of conception were used. They were of Merino breed and 
were mated with Merino rams. The gestation period is 144-160 days. Seventeen animals 
were available but not all tests were carried out on each animal. The pregnant ewes at 
varying stages of gestation were anaesthetized with intravenous Nembutal or Pentothal 
(pentobarbitone, thiopentone; Abbott Laboratories) and the foetuses exposed by Caesarian 
section. With siliconed syringes blood was withdrawn from one of the cord vessels and from 
the jugular vein of the ewe. 

Plasma was obtained by mixing 9 volumes of blood with 1 volume of 0-1 sodium oxalate 
and centrifuging at 2000 g at 6° C for 20 min. Plasma specimens were kept on ice until 
tested. The euglobin fraction of plasma was prepared as described by Fantl & Ward (1957). 
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Serum for the thromboplastin generation test was obtained by allowing blood io clot at 
37° C for 1 hr. However, in order to obtain serum free of prothrombin it was necessary to 
clot 2-5 ml. blood in the presence of 0-1 g of glass-wool. 

Brain was dehydrated with acetone according to the method of Quick (1940) and a sus- 
pension (3 or 6%) of the dry powder in 0-145 m-NaCl was prepared by frequent grinding 
at 37° C during 2 hr in a glass tube with a pestle. 

Clotting time was measured at 37° C on 1-5 ml. of blood in glass and in siliconed tubes, 

One-stage prothrombin tests were performed, (a) with human and sheep brain extracts 
according to the method of Quick (1938); (6) with Russell’s viper venom and phospholipid 
essentially according to the procedure of Hobson & Witts (1941). Prothrombin assays were 
carried out by the technique of Fantl (1954). Two procedures were used: (a) with human 
or sheep brain suspension; (b) the brain suspension was replaced by Russell’s viper venom 
and phospholipid. 

In preliminary experiments it was noted that the thrombin yield depended upon plasma 
concentration in the reaction mixture. The lowest plasma concentration gave the highest 
yield. It could be shown that catechol, which is used in the assay procedure to counteract 
- antithrombin activity, did not affect the yield in the concentration employed. Further, 

the plasma euglobulin fraction, which is free from antithrombin, behaved similarly to plasma 
in the prothrombin assays. 

Factor V was determined by the ability of the test plasma to shorten the clotting time 
of oxalated human plasma stored for 14 days at room temperature, the pH being adjusted 
to 7-4 with carbon dioxide before use. The test was similar to that of Quick & Stefanini 
(1948). 

The combined activity of Factor VII and Prower-Stuart factor in serum was measured 
according to the procedure of de Vries, Alexander & Goldstein (1949). 

Thromboplastin generation tests were performed at 28°C essentially as Secnitead by 
Biggs & Douglas (1953), except that oxalated plasma treated with BaSO, at 6° C for 30 min 
(referred to hereafter as Ba-plasma) was used and a phospholipid suspension in veronal 
buffer, pH 7-4, made according to the method of Fantl — and containing 140 yg 
phospholipids, was substituted for platelets. 

Partial thromboplastin times were determined by the method of Langdell, Wagner & 
-Brinkhous (1953) modified as follows: a mixture of 0-2 ml. oxalated plasma, 0-1 ml. phospho- 
lipid suspension in veronal buffer, pH 7-4, and 0-05 ml. 0-145 m-NaCl or the material to be 
tested were incubated at 37°C for 1 min; 0-2.ml. 0-025 m-CaCl, was then blown into the 
mixture and the clotting time observed. 

Assay of Factor VIII was carried out with oxalated plasma from a patient with a con- 
genital complete deficiency of Factor VIII, to which dilutions of sheep or human Ba-plasma 
were added in either the thromboplastin generation test or the partial thromboplastin time 
test; similar clotting times were taken to indicate similar factor VIII activities. With both 


tests it is possible to determine Factor VIII activity which differs by more than 50 % from 


that of normal human plasma, the concentrations of other factors being equal. 

Factor IX activity was measured with the thromboplastin generation test of Biggs & 
Douglas (1953), with sheep Ba-plasma and serum in the following way: clotting times 
obtained with 0-06 ml. pregnant ewe serum were taken’ to indicate 100% Factor IX 
activity. A series of dilutions of ewe serum in 0-145 m-NaCl was prepared and that 
dilution which gave the same clotting time as 0-06 ml. foetal serum was taken as a 
measure of foetal concentration of Factor IX in terms of maternal concentration. Such a 
technique will only give accurate results if (a) the dilution of the test serum is not. very 
high, and (b) it is assumed that other serum factors apart from Factor [X required for 


thromboplastin formation are present in adequate concentration. It was necessary to adopt 


the above technique because Factor-IX-deficient human plasma or seruin in combination 
with foetal sheep serum gave a lower Factor IX concentration for the foetal sheep serum 
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than did homologous mixtures. The thromboplastin generation test is not very sensitive 
to changes in Factor IX activity, deviations of less than approximately 80% from normal 
not being detectable. * 

Human, sheep and bovine thrombin preparations were made as described by Fantl (1958). 

Dialysis was carried out at 3° C in cellulose tubing suspended in a solution of 0-02 m tri- 
sodium citrate, 0-025 m sodium chloride and 1-33 x 10-‘m citric acid, pH 7-3, I approximately 
0-145. The thrombin preparations were dialysed for 44 hr, at least one change of solution 
being made during this period, and the plasmata for 21 hr, with at least two changes of 
solution. 

Nitrogen (N) was determined by a micro-Kjeldahl procedure. 

Fibrinogen was determined as fibrin in 1 ml. oxalated plasma by addition of 1 ml. 
0-025 m-CaCl, and 1 ml. of a thrombin preparation. The N content of the clot was determined 
after washing in 0-145 m-NaCl and was converted to fibrin by a factor of 5-92. 

Plasma protein was estimated by determination of N in trichloroacetic-acid-insolubl 
material and conversion to protein by a factor of 6-25. 

Moving-boundary electrophoresis was carried out in a Hilger Tiselius apparatus, in veronal - 
citrate buffer, pH 8-5, J = 0-05, at 5° C, or in a Perkin-Elmer Model 38 A Tiselius apparatus 
with an interferometric optical system, in veronal buffer, pH 8-6, J = 0-1, at 4° C. 

Platelets were counted by a technique similar to that of Feissly & Liidin (1949). 


‘RESULTS 
The thromboplastin components in the blood of pregnant ewes and their foetuses 
Results of the estimation of Factor VIII activity in the plasma of ewes 


and their foetuses are given in Table 1. 


TaBLE 1. Factor VIII activity in plasma of pregnant ewes and their foetuses 
expressed in terms of an arbitrary activity of 100 for human plasma 


Gestation time (days) 86 


Pregnant ewe plasma (a) 2500 1000 350 500 =©900 =: 11200 650 
Foetal plasma (b) 200 100 200 400 200 500 750 
b/a x 100 8 10 57 80 22 42 115 


It is apparent from these results that a very low Factor VIIT activity. 
was present in foetal plasma at a gestation time of 86 days, and it increased 
during pregnancy. The activities given in the table are expressed in terms 
of normal human plasma which is arbitrarily taken to have an activity 
of 100. The experiments were carried out during several seasons and the 


human plasma used as a comparison was not taken from the same person 


in each case. As the Factor VIII activity of normal human plasma varies 
between 80 and 200 this variation is reflected in the potencies of the sheep 


Plasmata. Plasma of normal non-pregnant sheep varied in Factor VIII 
activity from 450 to 1000.The values found for pregnant ewes showed 


similar variation. It will be noted that the lowest Factor VIII activity 
of foetal sheep plasma was of the same order as that of adult human 


Plasma. Additional information on the Factor VIII activity of foetal 


plasma is supplied by thromboplastin generation tests in which mixtures 
of either pregnant ewe Ba-plasma or foetal Ba-plasma with ewe serum or 
39-2 
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foetal serum were used. Results are given in Table 2, and show that, with 
the same serum, Ba-plasma of ewe or foetus gave similar clotting times. 
This indicates that the Factor VIII activity of foetal sheep plasma is not 
significantly lower than that of the maternal plasma. 

The results given in Table 1, obtained from experiments carried out 
with heterologous plasma mixtures, showed lower Factor VIII activity 
_ for foetal sheep plasma than those in Table 2. Apparently Factor VIII 
of foetal sheep plasma has less affinity to the other components of the 
thromboplastin complex of human plasma than to those of sheep plasma. 


TaBLE 2. Thromboplastin generation test of Ba-plasma of pregnant ewe aes foetus 
and homologous serum 


Incubation time 


Gestation Minimum (min) for 
time  elotting minimum 
' (days) Serum Ba-plasma time (sec) clotting time 
Pregnant ewe a 4 
[Pregnant ewe Foetus 12 <3 
8 Pregnant ewe 15 < 2:5. 
| Foetus 16 <3 
Pregnant ewe <3 
[Pregnant ewe 12 <3 
142 | Foet Pregnant ewe 18 


Foetus 18 


Tasie 3. Factor LX activity in foetal sheep serum expressed as percentage of 
maternal serum activity in thromboplastin generation test 


Gestation time (days) 65 72 77 86 92 99 128 128 145 
Foetal Factor IX 5 15 15 25 25 30 20 10 30 
activity | 


Results of the estimation of Factor IX activity in the serum of foetuses 
are given in Table 3. 


This table shows that at all periods of gestation the foetal serum has — 


a considerably lower activity than that of the mother. 


The prothrombin complex in sheep blood 


The prothrombin activity of plasma, which includes the activity of 
accessory factors for thrombin formation, was determined in one-stage 


_, tests in the presence of homologous and heterologous brain extracts and } 
_ also with Russell’s viper venom and phospholipid. Results are summarized 


in Table 4. "This shows that a brain extract gave shortest clotting times 
_ with homologous plasma. Human plasma was less reactive with sheep 
brain than was sheep plasma with human brain. Foetal sheep plasma 
gave longer clotting times than maternal plasma with both sheep and 
human brain extracts. Russell’s viper venom did not differentiate sig- 
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nificantly between the species although somewhat longer clotting times 
with foetal plasma were observed. 

In Table 5 are shown one-stage prothrombin times and prothrombin 
assays related to the age of the foetus. From these results it is seen that 
the one-stage prothrombin time of foetal plasma was at all gestation times 
longer than that of the maternal plasma. Prothrombin assays indicated 


a very low prothrombin concentration in foetal plasma at an age of 
70 days rising to 60 % of the maternal plasma concentration towards the 


TABLE 4. One-stage prothrombin times (sec) 


Russell’s viper 
venom + 
Oxalated plasma of Human brain Sheep brain phospholipid 
Man 16 (15-17) 27 (22-32) (7-8-5) 
t ewe 18 (17-19) 10-5 (85-13) 5 (7-10) 
Foetal sheep 23 (19-26) 13-5 (11-5-18) 10 (7-5-11-5) 


Means (ranges in parentheses). 


TaBLeE 5. One-stage prothrombin times and prothrombin concentrations in 
, plasma of pregnant ewes and their foetuses 


Sheep brain extract and 0-01 m-CaCl, were used. 


nom and 25 ug phospholipid in place of the brain extract 


26 


Gestation time (days) _... 70 77 92 98 98 98 128 128 134 145 
Re-stage prothrombin {Pregnantewe 10 85 105 10 10 11 9 105 13 12 
me (8ec)* Foetus 17-5 145 125 12 13 115 115 165 14 18-5 
thrombin} concen- an sagen ewe (a) 400 360 260 340 460 250 430 540 370 430 
ation in p Foetus (b) 65 50 130 120 120 60 200 240 160 260 
mnita/ml.) 
1x 100 16. 14° 50 35 24 47 44 43 60 


The assays were carried out with sheep brain extract, and in some cases with 5 yg Russell’s viper 


end of gestation. It was established that the values obtained for pro- 
thrombin concentration in foetal plasma represented the true prothrombin 
level, since addition of the accessory factors—Factor V in ewe Ba-plasma 
and Factor VII and Prower-Stuart factor in ewe serum—did not increase 


the thrombin yield. For comparison the prothrombin level found for 


non-pregnant sheep was 280-460 units/ml. plasma and for man 480- 
640 units/ml. plasma. 
For conversion of prothrombin into thrombin adequate amounts of 


_ Factor V are essential. Factor V activities of plasma of pregnant ewes 


and their foetuses are-given in Table 6, It is apparent from Table 6 that | 
at all gestation times studied the Factor V activity of foetal plasma was 


approximately the same as that of the ewe. Normal human plasma 


showed considerably lower activity. | 
In addition to Factor V two more plasma factors are required for 
efficient thrombin formation from prothrombin; these are Factor VII and 
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the Prower-Stuart factor. They were determined together by the ability 
to shorten the clotting time of diluted sheep plasma in the presence of 
sheep brain extract. Results are given in Table 7 from which it can be 
seen that Factor VII activity of foetal serum runs roughly parallel to 
prothrombin concentration. 


Tasie 6. Factor V activity in plasma of pregnant ewes and their foetuses 
expressed in terms of an arbitrary activity of 100 for human plasma 


Gestation time (days) ... 85 99 128 128 134 145 
Pregnant ewe plasma ... 750 350 500 650 1000 500 
Foetal 250 350 750 700 1000 


TaBLE 7. Combined Factor VII and Prower—Stuart factor activity in serum of foetal sheep 
expressed as percentage of maternal serum activity. (Prothrombin concentrations in the 
respective plasmata, expressed as percentage of maternal plasma prothrombin concentration, 
are given for comparison) | 


Gestation time (days) 72 86 99 128 145 


Factor VII + Prower-Stuart factor 20 50 50 30 50 


Prothrombin oo 40 36 47 60 


Fibrinogen concentration and activity of plasma of ewe and foetus 

Fibrinogen and total protein concentrations of plasma are recorded in 
Table 8, from which it can be seen that at a foetal age of 70 days the 
fibrinogen concentration in foetal plasma was 16 °% of that of the maternal 
plasma and near term had reached 83% of the maternal level. Over the 
same interval the total protein concentration of the foetal plasma in- 
creased from 34 to 90% of that of the mother. These results are in agree- 
ment with the findings of Alexander, Nixon, Widdas & Wohlzogen (1958). 
Plasma of non-pregnant sheep contained 200-350 mg fibrinogen/100 ml. 

The reactivity of the fibrinogen of human, pregnant ewe and foetal 
sheep plasmata was compared with different thrombin preparations under 
a variety of experimental conditions. The results are summarized in 
Table 9. These results were obtained with fresh oxalated plasmata and 
also with dialysed plasmata.' In the latter case maternal and foetal 
specimens were used from three different ewes of gestation times 128, 128 
and 134 days. 

It can be seen that with human and pregnant ewe plasmata the various 
thrombin preparations showed only small differences in activity. However 
a calcium-free human thrombin preparation gave considerably lower 
activity with foetal sheep plasma than with human or pregnant ewe plasma. 

The addition of calcium ions had a greater shortening influence on the 
thrombin clotting time of the foetal plasma than on the other two plasmata. 
Thus in the presence of optimal calcium-ion concentration human throm- 
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y bin produced practically identical clotting times in human, ewe and foetal 
of plasmata. Although addition of calcium ions also shortened the thrombin 
e clotting times when sheep or bovine thrombin was used the effect was not 
0 so pronounced as in the case of human thrombin. 

The thrombin clotting time is dependent on fibrinogen concentration, 
but over the range of fibrinogen concentrations from 150 to 400 mg/100 ml. 
it does not vary significantly. Since all the plasmata used in the experi- 
ments shown in Table 9 had fibrinogen concentrations within this range 
it is unlikely that any differences in thrombin clotting time are due to 
markedly different fibrinogen levels. 


TABLE 8, Fibrinogen and protein concentration in 


“i plasma of pregnant ewes and their foetuses 
n, | Gestation time (days)... 70 77 86 98-99 128 134 142 146 
(4)* (2)* 
inogen concentration in fe (a) 310 330 530 315-410 235-425 430 440 310 
(mg/100 ml.) Foetus (6) 50 70 155 140-210 195-255 145 225 230 


protein concentration in i (c) 58 62 176 72-82 65-75 83 17:7 59 
(g/100 ml.) Foetus (d) 2:0 24 27 28-32 4546 38 48° 53 

00 34 39 36 35-42 60-71 46 62 90 

| * Where determinations were made on more than one ewe and foetus of a given gestation period the 

1 ner of pregnant ewes is stated in parentheses. 


a] TaBLE 9. Thrombin activity with plasmata of man, pregnant ewe and foetal sheep 
Thrombin 
| {Cac 2.7 3-4 2.0 
owe 
in 0-2 ml. of either 0-075m-NaCl or 0:025m-CaCl, was added to 0-1 ml. plasma and 0:1 ml. 
™ veronal buffer, pH 7-3. 0-1'ml. thrombin preparation was then added at 36°C. Clotting 


times were converted into thrombin units. The results were recalculated taking the result | 
al “obtained with human plasma with addition of NaCl as 1. preinn can only be made | 
28 within each column. 


us The observations indicate that fibrinogen of foetal sheep plasma has 
er 4 properties different from that of maternal plasma. This is also seen in the 
er behaviour of the blood clot. Whereas maternal sheep blood showed good 


a. clot retraction and little erythrocyte fall-out from the clot in a subsequent 
1e incubation period, foetal blood clots showed little or no retraction and 
a. a hich fall-out of erythrocytes. The poor clot retraction could be due to 


n- a deficiency in the foetal platelets which, however, were present in 
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adequate number, as can be seen from Table 10. The erythrocyte fall-out 
is probably due to a structural weakness of the foetal fibrin which is 
unable to retain the erythrocyte mass. Fibrinolysis, which could be a 
cause of this high fall-out from the clot, was not detected in the foetal 
blood. 

| Whole blood clotting time 


Determinations of whole blood clotting time are presented in Table 11 
and show very little difference between foetal and maternal blood. The 
somewhat shorter clotting times of foetal blood are probably due to 
contamination of foetal blood with tisue thromboplastin during collection. 
The fact that clotting times in silicone were longer than those in glass for 
both maternal and foetal blood suggests that in both cases adequate 
concentrations of the contact factor (Hageman factor) are present. 


TABLE 10. Platelet counts in blood of pregnant ewes and their foetuses 


Gestation time (days)... | 65 72 77 86 92 98 98 128 128 134 


wins Ewe 420 430 480 640 610 480 450 550 790 430 
3 8 
Platelets x 10-*permm*blood | roctug 200 240, 470 370 560 950 670 780 700 580 


TaBLE 11. Clotting time (min) in glass and in silicone of blood 
from pregnant ewes and their foetuses 


Gestation time (days) ees 70 92 98* 99 128 134 # 145 


Glass 7 7 #713 12 — 
Glass 7 6 6-7 —_ 15 14 13 

* Determinations were made on the blood from three preanens ewes and foetuses of 


98 days gestation. 
i Electrophoresis of plasma and serum 


possible that this is also the site for Factor VIII synthesis. Therefore 
electrophoresis of maternal and foetal sheep plasmata was carried out. 
A copy of a photographic schlieren pattern of both plasma and serum is 
shown in Fig. 1. The electrophoretic patterns indicate that the foetal 
plasma and serum were free from y-globulin (component y). Minor 


other pregnant ewe and foetal sheep plasmata and sera, and from exami- 
nation of some foetal serum patterns obtained by use of an interfegometric 


optical system it appeared that a trace of y-gobulm may have been 
present. 


y-Globulins are produced by the reticulo-endothelial system and it is , 


variations from the patterns in Fig. 1 were found on electrophoresis of — 
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Descending EP Ascending 


Fig. 1. Tracings of schlieren electrophoretic patterns of plasmata and sera from — 
pregnant ewe and foetus of 98 days gestation. HP ewe plasma, F'P foetal plasma, 
ES ewe serum, F'S foetal serum. Conditions: veronal-citrate buffer, pH 8-5, 

I = 0-05, 5° C. The patterns on the right are from the crens boundaries, 
those on the left from the descending boundaries. i 


DISCUSSION 


Regarding the presence of clotting factors in foetal blood, the possibility 
of production within the foetal organism and circulation or of transfer from 
the maternal circulation has to be considered. It cannot be stated whether 
Factor VIII is produced by the foetus or placenta, or is transferred from the 
ewe to the foetus. Some evidence for the production of Factor VIII in the 


foetal organism is given by the fact that Factor VIII in foetal plasma has 
- ahigher affinity, relative to that of Factor VIII in the maternal plasma, for 


the other components of the blood thromboplastin complex when. these 
are homologous than when they are of human origin. It is interesting to. 
note that the Factor VIII activity of the plasma of the youngest foetus 
(86 days) was as high as that of plasma of adult man. 

The present experiments do not. indicate the source of Factor VIII in 
plasma. A reduction of Factor VIII in experimental animals has been 
reported to occur following administration of ethionine (Pool & Spaet, 
1954) and liver damage by hepatotoxins (Penick, Roberts, Webster & 
Brinkhous, 1958). This could be due to interference with protein synthesis 
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and does not indicate a specific site for Factor VIII synthesis, which may 
occur in the reticulo—-endothelial system (Pool & Spaet, 1954). y-Globulins 
were absent from foetal sheep serum, or at most, present in trace amounts. 
Therefore the reticulo-endothelial system of the sheep foetus is not fully 
developed, but while it is not able to produce y-globulins it may be able 
to perform some of the other functions of the adult reticulo-endothelial 
system. 

Evidence that synthesis of Factor VIII is not associated with y-globulin 
synthesis in man is provided by the finding of Frick & Good (1956) that 
agammaglobulinaemia is not accompanied by reduced hevels of Factor 
VIII. 

The comparatively high Factor V activity of foetal plasma is remarkable. 
The available evidence indicates that this factor is produced by the liver 
in adults (Sykes, Seegers & Ware, 1948) but the source of Factor V in 
foetal plasma is undecided. In view of the fact that Factor V activity of 


foetal sheep plasma is of the same order as that of the pregnant ewe it is 


possible that Factor V is transferred from the maternal circulation to the 
foetus. Quick, Murat, Hussey & Burgess (1952) and Fresh, Ferguson, 
Stamey, Morgan & Lewis (1957) found Factor V levels in cord blood from 


new-born infants to be equal to or greater than the normal adult human. 


level. In both full term and premature new-borns van Creveld, Paulssen & 
Teng (1952) observed Factor V concentrations in the normal adult range. 

The prothrombin concentration of foetal sheep plasma was very low 
at 70 days and rose to 60% at that of the maternal plasma towards the 
end of gestation. 

In full-term new-born humans mean plasma prothrombin concentrations 
varying from approximately 25 to 45° of the normal adult mean have 
been reported (Brinkhous, Smith & Warner, 1937; Loeliger & Koller, 
1952; van Creveld, Paulssen & Teng, 1952; Fresh e¢ al. 1957). 

In foetal sheep serum the combined activity of Factor VII and Prower- 
Stuart factor, which were not determined separately in the present study, 
was found to be similar to the concentration of prothrombin and there 
was some parallelism between the levels of these factors and foetal age. 
Larrieu, Soulier & Minkowski (1952), van Creveld, Paulssen,:-Ens, van 
der Meij, Versteeg & Versteegh (1954), and Fresh ef al. (1957) found the 
mean Factor VII content of cord blood from full-term infants to be 
approximately 40° of the mean normal adult level. 

The fact that the activity of prothrombin, Factor VII and Prower- 
Stuart factor in foetal sheep blood is lower than in the maternal blood 
and the approximate correlation between the foetal blood levels and age 


may reflect the diminished ability of the foetal liver to produce these 
clotting 
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Prothrombin and Factors VII and IX have a number of properties in 
common and may be chemically related. The much lower activity of 
Factor IX in foetal serum is therefore surprising. Perhaps the enzyme 
system required for synthesis of Factor IX is more complex than those 
involved in prothrombin and Factor VII synthesis and is not well developed 
in the foetal liver. Barkhan (1957) reported that sera from cord blood 
of new-born infants had a Factor IX activity of 19-91% (mean 49%) 
compared with a mean activity of 108% for normal human adult 
serum. 

The fibrinogen concentration in foetal sheep plasma was 50 mg/100 ml. 
in the youngest foetus on which a determination was carried out (70 days); 
near term it had reached 230 mg/100 ml. which is approximately 80% of 
the concentration in ewe plasma. 

In new-born lambs Field, Spero & Link (1951) found an average of 
226 mg fibrinogen and 6-15 g total protein/100 ml. plasma. 

In eight human foetuses, from 15 to 20 weeks of age, Vahlquist, West- 
berg & de las Heras (1953) found 50-290 (mean 180) mg fibrinogen/100 ml. 
plasma, and 140-700 (mean 390) mg/100 ml. plasma in the cord blood of | 
fourteen full-term infants. Taylor (1957) has summarized a number of 
studies on fibrinogen concentration in the normal new-born infant, and 
has reported his own findings of 192-398 (mean 231) mg/100 ml. plasma 
compared with 305-674 (mean 440) mg/100 ml. in maternal plasma and 
217-354 (mean 280) mg/100 ml. for normal adults. — 

Foetal sheep fibrinogen showed the same behaviour as maternal fibrinogen 
towards sheep and bovine thrombin but gave longer clotting times with 
thrombin of human origin. However, on addition of calcium ions, which 
shortened the clotting time in all cases, this different behaviour of human 
thrombin with foetal sheep fibrinogen was abolished. 

A prolonged thrombin clotting time has been noticed with fibrinogen of 
new-born infants (Biggs, 1951; Larrieu et al. 1952; Ferguson, Fresh & 


_ Lewis, 1955; Vecchio & Scheitini, 1957), and Jayle, Badin & Ottolenghi- 


Preti (1949) and Burstein, Lewi & Walter (1954) have found that certain 
physical properties of the fibrin clot from the plasma of new-born infants 


_ are different from those of normal adult fibrin. The finding of a difference in 


activity of the foetal and maternal fibrinogen indicates that fibrinogen in 
the foetus is produced in the foetal circulation rather than being transferred 


from the ewe. 


Although the placenta of the sheep is of the syndesmochorial type 
and thus differs structurally from the human placenta, which is of the 
more permeable haemochorial type, it appears from a comparison of the 
presented results with the findings in human blood that the respective 
activities of the clotting factors in the blood of mother, foetus and normal 
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‘adult are similar in the two species. Certain speculations about blood 
coagulation in the human infant would therefore seem justified. 

Determination of Factors VII, IX, and prothrombin in the blood of a 
new-born infant does not permit one to predict whether a haemorrhagic 
tendency due to a deficiency of one or more of these factors will develop 
later in life as the activity of these factors is low in the normal new-born 
and increases with age. On the other hand the activity of Factor VIII 
in the blood of the normal new-born is as high as in the normal adult 
(Fresh, Ferguson & Lewis, 1956; van Creveld, Nagel, Nijenhuis, Miranda & 
Tjon Sien Kie, 1954). 

We found 50-75 % of the normal adult factor VIII activity in the cord 
blood of a new-born baby in whose pedigree there was no record of Factor 
VIII deficiency. As far as we are aware no observations of Factor VIII 
levels in new-born infants of carriers of Factor VIII deficiency has yet 
been made, but it would seem that a low Factor VIII activity in the blood 
of a new-born infant would indicate a permanent Factor VIII deficiency 
and measures to induce Factor VIII production as suggested in the 
introduction would be justified. 


SUMMARY 

1. Factor VIII activity is detectable in foetal sheep plasma at an early 
stage of gestation and rises to adult levels towards the end of gestation. 
At all gestation times Factor VIII activity of foetal sheep plasma is at 
least as high as that of adult human plasma. 

2. Factor V activity of foetal sheep plasma is at all gestation times as 
high as that of maternal plasma. Factor V activity of sheep plasma is 
higher than that of man. 

3. Prothrombin activity of foetal sheep plasma is low at early stages 
of gestation ahd rises to approximately 60°% of that of maternal plasma 
near term. Normal sheep plasma contains approximately 70°%, of the 
prothrombin of normal human plasma. 

4. In the serum of foetal sheep, Factor VII and Prower-Stuart factor, 
measured together, show some parallelism with the prothrombin con- 
centration of plasma. 

5. Factor IX activity of foetal sheep serum is at all foetal ages low 
compared with that of the maternal serum. 

6. Fibrinogen concentration of foetal sheep plasma is low at early 
stages of gestation and rises to approximately 80 %/ of that of the maternal 
plasma near term. 


7. Foetal sheep fibrinogen shows different activity from that of the 
maternal fibrinogen. 
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TRANSAMINASE ACTIVITY IN THE PERFUSED RAT HEART 


By R. MARIAN HICKS* anp MARGARET KERLY 
_ From the Department of Biochemistry, University College London 


(Received 1 September 1959) 


Use of the isolated heart as a preparation for the study of amino-acid 
metabolism has so far been restricted to determination of ammonia and 
carbon dioxide production from amino acids (Clark, Gaddie & Stewart, 
1931; Cruickshank & McClure, 1936; Clark, Eggleton, Eggleton, Gaddie & 
Stewart, 1938; Lorber & Olsen, 1946; Clarke, 1957). It seemed possible 
that an investigation of transamination in such a preparation might give 
further information, especially as work with homogenates of heart muscle 
has shown that enzymes catalysing more than 20 transaminase reactions 
are present in pig and rat heart muscle (Cammarata & Cohen, 1950). The 
results of the experiments reported in this communication have shown that — 
interconversion of glutamic and aspartic acids, but of no other amino 
acids, can be demonstrated by analysis of the perfusate of the isolated rat 
heart. 


METHODS 


Animals. Female albino rats were used, 4-6 months old, weight 200+ 20 g, bred in the 
department and fed on commercial rat cake (Diet 11, Parkes, 1946). 
Perfusion fluid. Krebs’s bicarbonate solution was used, prepared according to the sich 


of Umbreit, Burris & Stauffer (1949), omitting potassium phosphate and with additions as 
_ described in the text. (All amino and keto acids were neutralized with NaOH.) This medium 


was always equilibrated in the perfusion apparatus with a gas mixture of 5 % CO, in oxygen. 
Perfusion method. The apparatus used was similar to that described by Blechen & Fisher . 
(1954). Instead of surrounding the whole apparatus with a temp controlled water 
jacket, only the perfusate about to enter the heart and that in the heart chamber was main- 
tained at 37° C by surrounding the down-flow tube and heart chamber with a water jacket. 


. The heart itself was kept warm and moist by immersion in the perfusate in the heart chamber. 


As the gas injector, return tube and perfusate reservoir were at room temperature, there 
was little evaporation, and this was further reduced by covering the surfaces of the perfusate 


 Teservoir and heart chamber with pads of damp filter paper. The decrease in perfusate 


volume, estimated by determination of the chloride content, was found to be 0-15 ml./hr. 
A narrow glass rod introduced into the perfusate chamber outside the soxhlet filter facili- 
tated the release of gas bubbles which occasionally became trapped beneath the filter at the 
mouth of the down-flow tube. No difficulty was encountered with frothing and the anti- 
frothing device described by Bleehen & Fisher (1954) was omitted. 


* Present address: The Bland-Sutton Institute of Pathology, Middlesex Hospital, 
London, W. 1. 
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Experimental procedure 

60 ml. of medium was circulated through the perfusion apparatus for at least 15 min to 
allow adequate filtration and gas equilibration before including the heart in the circuit. The 
animal was killed by breaking the neck and the heart was rapidly removed to a dish of cold 
medium, thus reducing the oxygen consumption of the tissue and rendering it quiescent for 
ease in cannulation. The cannula, filled with filtered medium withdrawn from the perfusion 
apparatus, was tied into the aorta (a procedure easily performed single handed if the cannula 
is temporarily secured to the working surface with a piece of ‘Sellotape’), and the cannula 
with heart attached was secured to the down-flow tube of the perfusion apparatus. Before 
placing the heart in the heart chamber, and so closing the circuit, it was washed free from 
blood, the washings collected and the volume measured. The volume of the perfusate was 
readjusted to 60 ml. with fresh medium added to the perfusate reservoir, so that it passed 
through the soxhlet filter before reaching the heart. In most experiments the heart was 
perfused for 2 hr and samples of perfusate withdrawn from the perfusate reservoir were 
analysed by the methods described below. In some experiments the amino-acid content of 
the heart as well as that of the perfusate was determined. Hearts remained actively beating 
at a rate of 250-300 beats/min for up to 4 hr. Glucose utilization, calculated from that used 
during perfusion for 2 hr, was 72 + 29 (s.p.) zmoles/g dry wt. sid when the heart was perfused 
with 60 ml. medium containing 1 m-mole glucose. 


Analysis of the heart 

Estimation of amino acids. At the end of an experiment hearts were re-perfused with 
fresh Krebs’s solution (without added substrates) for 2 min, blotted dry and then frozen in 
solid CO, and fragmented by crushing in a press. The frozen powdered tissue was ground 
with 4-5 ml. ice-cold water and the supernatant, collected after centrifugation, heated in a 
boiling water-bath for 5 min to coagulate the soluble protein. The addition of one drop 
n-acetic acid to the supernatant while heating reduced the pH to about 5-4 and assisted 
coagulation. After further centrifugation, amino acids were separated and identified on a 
two-dimensional chromatogram, with 80 % (w/v) phenol in water and n-butanol: acetic 
acid: water (4:1:5) as solvents. 

For quantitative analysis a method was used adapted from that described by Bronk & 
Fisher (1956). 20 yl. spots of the heart extract were applied to Whatman No. | paper and 
the amino acids separated, with 80 % (w/v) phenol in water as the solvent. After drying, the 
paper was dipped in a solution of 0-4% (w/v) ninhydrin in n-butanol and allowed to dry. 
The colour was developed by heating at 60° C for 30 min in an oven, The paper was then 
. sprayed with a solution made by diluting 2 ml. saturated aqueous Cu(NO,), and 0-4 ml. 
10% (v/v) HNO, to 100 ml. with n-butanol, and allowed to dry. The coloured spots were 


cut out, the colour eluted with 3 ml. methanol, and the extinctions of the methanol solutions 


measured at 510 my. Linear results were obtained with aqueous solutions of each amino acid 
over a concentration range of 0-500 umoles/100 ml. 10 yl. samples of standard amino-acid 
solutions were applied to the chromatograph paper and taken through the whole analysis as 
described above. The colour intensity of the amino-acid spots varied slightly with different 
ninhydrin solutions, which were prepared fresh each week, and standards of each amino acid 
were included in each set of heart estimations. By this method it was possible to estimate 


the amount of pave r9e amino acids in the heart to the nearest 25 umoles/}00 ml. heart. 


water. 


Estimation of the volume of extracellular water. The mean chloride content of a number 
of hearts, after perfusion with Kreb’s solution containing 4-55 mg Cl-/ml., was 1:65 mg, 
corresponding to a chloride space of 0-36ml. R. B. Fisher & P. Zachariah (personal 
communication) have found a similar value (0-359 ml.) for the chloride space of hearts 
perfused for 15-120 min; but these authors consider that the raffinose space, which they find 
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to be 0-281 ml., provides a better estimate of the true extracellular space. The volume of the 
extracellular space of the hearts used in these experiments has therefore been taken to be 
0-28 ml. 
Analysis of the perfusate 

Chromatographic separation of amino acids. Amino acids in the perfusate were separated 
and identified by one-dimensional chromatography, with 80 % (w/v) phenol in water as the 
solvent, and either strips of Whatman No. 4 or 54 paper, or discs of Whatman No. 1 paper 
(Proom & Woiwood, 1951). After drying, the paper was sprayed with 0-1 % (w/v) ninhydrin 
in n-butanol, and the amino-acid spots were developed by heating at 100° C for 15 min. 

Oxaloacetic acid was estimated by the method of Greenwood & Greenbaum (1953), 
glucose by that of Hagedorn & Jenson (1923), ammonia and urea by those of Conway & 
O'Malley (1942). 

Glutamic acid was estimated by decarboxylation with Clostridium welchii (Gale, 1945). 
Bacterial suspensions were prepared from stock culture of C. welchii, strain S.R.12, 


_ N.C.T.C. 6784, maintained on Robertson’s cooked-meat medium. The C, welchii was grown 


for 16 hr at 37° C in 2 1. Lemco broth containing 2 % (w/v) glucose, and harvested by centri- 
fuging. The cells were washed once in distilled water and resuspended in 50 ml. 0-1 m acetate 
buffer, pH 4-4. To estimate glutamic acid, a 2. ml. sample of perfusate was added to 1 ml. 
0-1m acetate buffer in the main compartment of a Warburg flask and the pH brought back 
to 4-4 by the addition of 2-3 drops of 2N acetic acid. 0-5 ml. of the bacterial suspension was 
placed in the side-arm of the flask and, after equilibration at 37° C, tipped into the main 
compartment. Incubation was continued until no more CO, was evolved or for 14 hr, which- 
ever was the shorter period. Decarboxylation of glutamic acid by this method is rapid and 
complete in about 30 min. A mixture of aspartic and oxaloacetic or «-oxoglutaric acids in 
the presence of C. welchii also produces a slow evolution of CO, with the concurrent forma- 
tion of alanine (Meister, Sober & Tice, 1951; Hicks, 1955). In the conditions of these experi- 
ments the evolution of CO, continued at a slow steady rate for more than 2 hr, so that it was 
possible to estimate glutamic acid in the presence of aspartic acid and a keto acid- by 
recording the CO, formation well beyond the time at which all the glutamic acid was de- 
carboxylated. When the curve formed by plotting the CO, evolution against time was extra- 
polated backwards, it cut the ordinate at the value equal to the CO, production due to the 
glutamic acid content of the sample. Experiment showed this method to secede an accuracy 
of +5 pmoles/60 ml. perfusate. 

Extractable transaminase activity. The perfusate was incubated at 37° C with 200 umoles 
each of aspartic and a-oxoglutaric acid and the rate of glutamic formation estimated by 
quantitative decarboxylation. 


RESULTS 
Detection of transaminase activity 


Hearts were perfused for 2 hr with 60 ml. medium containing approxi- 
mately 200 umoles each of amino and keto acid. This amino-acid level was_ 
chosen to give an amino N concentration in the perfusate of approximately 
§mg/100 ml., within the normal range for mammalian blood (4-6 mg/ 
100 ml.). Reversible transamination was found to occur between aspartic 
and glutamic acids but not between other pairs of amino and keto acids 
(Table 1). 

This lack of other transaminase activity might have been caused by 
inability of the acids to penetrate the heart cells. The amino-acid content 


of a number of hearts was p arene examined before and after perfusion 


40 PHYSIO, CL 


to 
ld 4 
or 
n 
la 
la 
re 
m 
as | 
ad 
as 
of 
ed 
ed 
th 
in 
id 
ed 
a 
ic 
& 
nd 
he 
en 
nl. 
re 
ns 
id 
id 
as 
nt 
“id 
te 
er 
ng; 
nal 
rts 


624 R. MARIAN HICKS AND MARGARET KERLY 


with amino acids. The initial level was determined on hearts which had 
been perfused for 2 min with amino-acid-free Ringer’s solution to remove 
blood from the heart chambers and the coronary circulation. Considerable 
amounts of taurine, glutamic acid, glutamine, alanine and aspartic acid 
were present (Fig. la), as reported by Roberts, Lowe, Chanin & Jelinek 
(1957). After perfusion for 1 hr with an amino-acid-free medium, aspartic 
- acid was no longer present and the glutamine and alanine content was 
reduced (Fig. 1b). If alanine were included in the perfusate, the aspartic 


Taste 1. Amino acids detected in the perfusate after perfusion of the isolated rat heart 
for 2 hr with 60 ml. Krebs’s bicarbonate solution containing 1 m-mole glucose and 200 pmoles 
each of amino and keto acids as shown 


New amino 
acid detected 
in the 
Acids added to the perfusate perfusate 
L-aspartic a-oxoglutaric glutamic 
L-aspartic pyruvic none 
L-glutamic oxaloacetic aspartic 
L-glutamic pyruvic none 
L-alanine oxaloacetic none 
L-alanine a-oxoglutaric none 
glycine a-oxoglutaric none 
DL-valine «-oxoglutaric . none 
L-leucine a-oxoglutaric none 
L-pheny! alanine a-oxoglutaric 
L-histidine a-oxoglutaric none 


acid and glutamine content of the hearts had decreased as before after 
2 hr, but the alanine content had greatly increased (Fig. 1c). Leucine, 
when added to the perfusate, was present in the heart after perfusion 
(Fig. 1d). 

An approximate estimate was made of the amino-acid content of the 
heart cells before and after perfusion. The extracellular amino-acid content 
was calculated for an extracellular space of 0-28 ml. on the assumption 
that the amino-acid concentration was the same as that in the perfusion 
fluid, and this value was subtracted from the total amino acid found in the 
heart. For hearts perfused with medium containing amino acids, intra- 
cellular amino-acid values calculated in this way are probably too low, 
since the hearts were re-perfused for 2:min with amino-acid-free medium 
and some amino acid may have diffused out from the extracellular space. 
In spite of this underestimate, the amounts of leucine and of aspartic acid 
found in the heart cells after perfusion for 2 hr with media containing these 
acids were higher than after perfusion with an amino-acid-free medium 
(Table 2). In these experiments the amounts of alanine and glutamine 
present in the hearts were not determined separately, since the acids were 
eluted from one-dimensional chromatograms on which these substances 
run to the same place. However, as the amount of glutamine present in 
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Fig. 1. Chromatograms prepared from extracts of isolated rat hearts perfused with 


2e8 60 ml. Krebs’s bicarbonate solution. a—c, two-dimensional, with butanol-acetic 
in acid and phenol as solvents; d, one-dimensional, with phenol as solvent. a, heart 


nine; 5 = glutamine; 6 = leucine. 


perfused 2 min with amino-acid-free Ringer’s solution; b, heart perfused 60 min 
with amino-acid-free Ringer’s solution; c, heart perfused 60 min with Ringer’s 
solution containing alanine; d, heart perfused 60 min with Ringer’s solution 
containing leucine. 1 = aspartic acid; 2 = glutamic acid; 3 = taurine; 4 = ala- 
40-2 


« 
id § 
ic & pis 
les 
Ras. 
| 
3 
N 
ie, 
5 
nt 
i 
mn 3 
j 
Z 2 
W, 
2 re) 
id 
©) 


626 R. MARIAN HICKS AND MARGARET KERLY 


the whole heart is not appreciably affected by the presence or absence of 
alanine in the perfusate (compare Fig. 16 and c) the higher intracellular 
value observed when alanine was added to the perfusate (Table 2) was 
essentially due to a rise in alanine content, and it may be concluded that 
alanine, like aspartic acid and leucine, enters the heart cells during 
perfusion. 

The glutamic acid content of the hearts was initially high, and it fell 
during perfusion whether or not glutamic acid was added to the perfusate 
(Table 3). It was not possible to perfuse the hearts with a medium con- 
taining glutamic acid at as high a concentration as that of the intracellular 


TaBLE 2. Amino-acid content of rat hearts after perfusion for 2 hr with 60 ml. Krebs’s 
bicarbonate solution containing 1 m-mole glucose and amino acids as shown. For method 
of calculating amino-acid content of extra- and intracellular water see text. (Mean values 


for triplicate experiments) Amino-acid content of hearts 


Extra- Intra- 
Whole cellular cellular 
Amino acid added to : heart water water 
perfusate (umoles) (»moles) (umoles) (umoles) 
| (a) Leucine content | 
None | 0 0 0 
L-leucine 300 2-66 1-40 1-26 
375 . 3-06 1-75 1-31 
(b) Aspartic-acid content 
None Bees 0 0 
L-aspartic acid 150 1-13 0-70 0-43 
210 1-65 0-97 0-68 
(c) Alanine + glutamine content : 
None 3-20 0 3-20 
L-alanine 300 6°35 1-40 4°95 
315 7-20 1-47 5°73 


TABLE 3. Glutamic-aeid content of rat hearts after perfusion with 60 ml. Krebs’s bicarbonate 
solution containing 1 m-mole glucose together with amino and keto acids as shown. Mean 
and s.E. for six experiments. For method of calculating glutamic acid content of extra- and 


intracellular water see text 
Glutamic-acid content of hearts 


: Extra- Intra- 
Perfusion Whole cellular cellular 
_ Acids added to time heart water water 
perfusate (umoles) (min) (umoles) (umoles) §(ymoles) 
None 2 6:77 +0-21 0 6-77 
None 60 5-54+0-11 0 5-54 
None 120 5:07 + 0-07 0 5-07 
L-glutamic 300 120 5-92 + 0-09 1-40 4:50 
450 120 6-13+0-14 2-10 4-02 
L-aspartic 220 
+ «-oxoglutaric 200 120 5°80 + 0-06 0-31* 5-49 


* Glutamic-acid content of perfusate, determined after perfusion for 2 hr, 67 ymoles in 
60 ml. 
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water, since at concentrations above 7-5 mm (450 »moles in 60 ml.) con- 
tractions were arrested. Although the glutamic acid content of the whole 
heart was increased by perfusing the heart with glutamic acid, the intra- 
cellular content apparently decreased. This anomalous result is likely to 
be due to over-estimation of the extracellular water content, as explained 
above. When, however, glutamic acid was formed during perfusion by 
transamination from aspartic to «-oxoglutaric acid, in spite of the low 


- goncentration of glutamic acid in the perfusate, the amount in the intra- 


cellular water was higher than in hearts perfused for the same time with 
an amino-acid-free medium or with one containing glutamic acid alone. 


Glutamiclaspartic acid transamination 
The amount of glutamic/aspartic transamination which occurred 


during perfusion was investigated by determination of the glutamic acid 


content of the perfusate. No glutamic acid was metabolized when it 
alone was added to the medium and this result was not affected by the 
omission or inclusion of glucose or lactate in the perfusate. 

Taste 4, Glutamic-acid content of the perfusate after perfusion of the isolated rat heart for 


2hr with 60 ml. Krebs’s bicarbonate solution containing 1 m-mole glucose or 0-33 m-moiles 
lactate and aspartic and «-oxoglutaric acids as shown. (Mean of duplicate experiments) 


Glutamic acid 
: produced during 
Acids added to the perfusate perfusion 
+«-oxoglutaric acid 
(moles) 
L-aspartic acid 30 
225 (umoles) 
130 85 
160 80 
300 85 
| + L-aspartic acid 
(wmoles) 
«-oxoglutaric acid 110 45 
205 (umoles) 225 70+ 10* 
330 70 
480 80 


* Mean value and s.£. for 24 experiments at these concentrations. 


When oxaloacetic acid was added to the perfusate together with 
205 »moles of glutamic acid, 40 «moles of the latter was transaminated 
during perfusion for 2 hr and this amount was not altered by variation of 
the oxaloacetic acid content of the medium between 90 and 630 pmoles. 
When the reaction was followed in the reverse direction the maximum 
amount of glutamic acid, 70+10 moles, was formed when 225 pmoles 
aspartic acid and 90 »moles «-oxoglutaric acids were added to the per- 
fusate (Table 4). Increase in the concentration of either aspartic or «-0xo- 
glutaric acid did not increase glutamic acid production. Addition to or 
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omission of glucose or of lactate from the perfusion did not affect the 
result. 

The rate of formation of glutamic acid was followed by two methods. 
~ In the first, in a series of experiments, perfusion was stopped after different 
times and portions of the whole perfusate were analyséd; in the second 
method samples of perfusate were removed and analysed at intervals 
during a single experiment. Although both methods are open to objection, 
the first because there were variations between individual hearts and the 
second because the perfusate was reduced in volume during an experiment, 


Glutamic acid in perfusate (4 moles) 


| | 

4 2 3 

Time (hr) 

Fig. 2. ‘Production of glutamic acid by the isolated rat heart perfused with 60 ml. 
Krebs’s bicarbonate solution containing 225 wmoles aspartic acid, 205 umoles 
a-oxoglutaric acid and either 1 m-mole glucose or 0-3 m-mole lactate. @, Eight 
single experiments, each stopped at a different time; 6, twelve experiments in 
which samples were taken from each heart at various intervals of time; the 
number of readings averaged for each point and the standard deviation are shown. 


both showed that glutamic acid production ceased after 14-2 hr (Fig. 2). 
The initial rate of glutamic acid production was 100 pmoles/hr (Fig. 2) 
which corresponds to a transaminase activity of Q, = 15 for hearts with 
a mean dry weight of 150 mg. Measurement of the amount of oxaloacetic 
acid produced during perfusion showed that at all times the amounts of 
glutamic and of oxaloacetic acids in the perfusate were equivalent 
_ (Table 5). The cessation of glutamic acid production after 14-2 hr when 
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only about 33 % of the aspartic acid had been converted to glutamic acid, 
suggested that an equilibrium mixture of amino and keto acid might have 
been reached ; but when the reaction was followed in the opposite direction 
only 20 % of added glutamic acid was utilized, so that it is evident that the 
steady states attained did not reflect a true reaction equilibrium. 

Cardiac damage is known to result in secretion of glutamic/aspartic 
transaminase into serum (Agress, Jacobs, Glassner, Lederer, Clark, 
Wroblewski, Karmen & LaDue, 1955) and it seemed possible that the | 
activity measured during perfusion might be due to release of this enzyme 
into the perfusate. For this reason the transaminase activity of amino- 
acid-free media, circulated through the heart for times varying from 15 to 


Taste 5. Glutamic and oxaloacetic-acid content of the perfusate after perfusion of the 
isolated rat heart for various times with 60 ml. Krebs’s bicarbonate solution containing 
1 m-mole glucose and 200 umoles each of L-aspartic and «-oxoglutaric acids. (Mean values 


for duplicate experiments) 
Glutamic acid Oxaloacetic acid 


Perfusion produced during — produced during 
time perfusion perfusion 
(min) (umoles) (umoles) 

60 36 37 
90 48 48 
105 52 52 
120 58 54 


120 min, was determined from the rate of glutamic-acid formation on 


subsequent incubation of the perfusates with aspartic and «-oxoglutaric 


acids. The transaminase activity in these perfusates (total vol. 60 ml.) 


_¢alculated from the initial rate of reaction, was 42 »moles/hr, which gives 


a Q,, of 6 (for hearts weighing 150 mg), less than half the activity observed 
if the substrates are circulated through the heart. There was little variation 
of this extractable transaminase activity with different times of perfusion 
and it seems unlikely that the entire glutamic/aspartic transaminase 


- activity observed in hearts perfused with substrates in the circulating 


medium was the result of enzyme diffusing into the perfusion fluid. The 


extractable transaminase activity was much less than that found some 


hours after acute heart damage (Agress ef al. 1955) and was of the same 
order as that observed in normal human serum (1 pmole glutamic acid 


-formed/ml.hr) by LaDue & Wroblewski (1955). 


DISCUSSION 
Previous workers have shown that during perfusion of the isolated rat 
heart, amino acids added to the perfusate are metabolized to only a small © 
extent. For example, Clarke (1957) found that less than 5% of the total 
respiratory CO, was derived from amino acids added to the perfusate, and 
Clark et al. (1931, 1938) and Cruickshank & McClure (1936) found no 
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evidence of ammonia formation. The experiments reported above are in 
agreement with these findings, for not only was glutamic acid not utilized 
when added alone to the perfusate, but the glutamic/aspartic trans- 
aminase activity was only 3-4 % of that observed by Cohen & Hekhuiss 
(1941) in rat heart homogenates, and no other transaminase activity was 
detected. The inability to demonstrate any activity of the large number of 
transaminases which Cammarata & Cohen (1950) showed to be present in 
rat heart muscle was not due to inability of the acids to penetrate the heart 
cells, for the heart content of aspartic acid, leucine and alanine increased 
after perfusion with fluid containing these acids, and of the keto acids 
pyruvic at least must enter the'cells since Clarke (1957) has shown that it is 
oxidized by the perfused heart. 

At least a part of the glutamic/aspartic transaminase activity observed 
during perfusion was due to enzyme released into the perfusate, and it is 
possible that this enzyme is concerned with the maintenance of a high 
concentration of glutamic acid within the heart cells. It is of interest that 
the glutamic acid concentration in the rat heart (100-140 mg/100 g wet 
wt.) is nearly as high as that found by Waelsh (1951) in rat brain (153 mg/ 
100 g), and much higher than that which he found in rat skeletal muscle 
‘(18-20 mg/100 g). Christensen (1955) has suggested that the mechanism 
of transport of glutamic and aspartic acids into cells differs from that of 
other amino acids and may involve transamination, and Wiseman and his 
co-workers (Matthews & Wiseman, 1953; Neame & Wiseman, 1957, 1958) 
_ have found that transamination occurs during absorption of glutamic and 
aspartic acids across the small intestine. Whether or not the glutamic/ 
aspartic transaminase has this function in cardiac muscle it seems certain 
that, at least in the perfused heart, it is not concerned with energy 
‘metabolism. 

SUMMARY 
1. Reversible transamination has been demonstrated in the isolated 
perfused rat heart between aspartic. and glutamic acids but not between 
other pairs of amino and keto acids. 


2. The activity of the glutamic/aspartic transaminase was much less, | 


_ Qy = 15, than that previously demonstrated in homogenates of heart 
muscle. | 

3. Some transaminase was released into the perfusate. 

4. There was no appreciable utilization of glutamic acid added alone to 
the perfusate nor of oxaloacetic acid produced during perfusion. 

5. Alanine, leucine and aspartic acids, when present in the perfusate, 
penetrated to the heart cells but the glutamic-acid content of the heart, 
already high, was not increased when this acid was included in the 
perfusate. 
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We are indebted to Professor Fisher and Dr Zachariah for permission to quote their un- 
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POTENTIAL FIELDS INITIATED DURING MONOSYNAPTIC 
ACTIVATION OF FROG MOTONEURONES 


By J. M. BROOKHART anp E. FADIGA* 


From the Department of Physiology, University of 
Oregon Medical School, Portland, Oregon, U.S.A. 


(Received 4 September 1959) 


It has been noted that the patterns of discharge evoked in frog spinal 
motoneurones are significantly different when a presynaptic volley is 
initiated in dorsal root fibres and when the excitation arrives over a 
system of fibres in the lateral column (Brookhart, Machne & Fadiga, 1959). 
Anatomical studies (Liu & Chambers, 1957) raise the possibility that the 
differences may be ascribed to variations in the site of synaptic termi- 
nations on the motoneurones or to differences in the number of inter- 


| ; neurones involved in the two pathways, or both. The present study was 


undertaken in order to determine which of these possibilities is the more 
likely. The technique of focal recording from within the spinal cord, and 
comparison of the temporal relations of simplified responses, have per- 
mitted a test of the hypothesis suggested by anatomical findings. 


METHODS 
The experiments have been performed on isolated spinal cords of frogs (Rana pipiens) 
during winter and spring months. The arrangement has been similar to that described 
previously (Brookhart et al. 1959; Machne, Fadiga & Brookhart, 1959). Micropipettes of 
5-15 MO resistance, filled with potassium citrate, were used for depth Amst Ipsilateral 
evoked focal potentials were recorded unipolarly through an imp tching pre- 
amplifier, a high-gain, RC-coupled amplifier (time constant 1 sec), and photographed from 


_ &n oscilloscope screen. A second oscilloscope was usually used to monitor ipsilateral ventral 


root responses. A thermistor thermometer in contact with the cord made possible tempera- 
ture control in the range from 15-17° C. 

The method of preserving function in isolated dorsal and ventral roots was important to 
the success of these experiments. The root was extended laterally on.a small slip of filter 
paper coated with thinned petroleum jelly. The root was laid over hooked platinum elec- 
trodes and a complete covering of petroleum jelly delivered from a syringe and hypodermic 
needle was built around the entire Foot: This procedure not only preserved the fibres of the 
root, but also prevented troublesome electrical instability and provided the necessary 
insulation of the ventral root from the fluid surrounding the cord. In recording from the 
ventral root, the distance between proximal lead and cord varied in different experiments 
from 3 to 5 mm; the distal lead was always applied as far as possible from the cord on the 
crushed end of the root. 

* Visiting investigator, University of Bologna. Present address: Istituto di Fisiologia 
umana, dell’Universita di Bologna, Bologna, Italy. 
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Penetrations of micro-electrodes required that the pia should be dissected after tryptic 
digestion (Machne et al. 1959). The cord was oriented beneath the micromanipulator to 
permit penetration at various angles starting from the ventral or lateral surface, depending 
on the purpose of the specific experiment. Records were taken at intervals of 100 yp. To 
facilitate identification and measurement of the electrode tracks, after the last penetration 
the cords were usually hardened with formalin for 2 hr before removal of the micro-electrode. 
Shrinkage of the stained cross-sections was estimated from measurements of anteroposterior 
and lateral diameters of the live cord and from the ratio aha micrometer reading to track depth 
in the prepared section. 

In most of these experiments it was desirable to depress neuronal responsiveness. This was 
achieved through the addition of pentobarbital sodium (1:5000) to the bathing fluid 
(Eccles, 1946). Two reservoirs of Ringer’s fluid were available, one of which contained the 
pentobarbital, connected to the recording chamber with a two-way stopcock. The intensity 
of pentobarbital effect was monitored by using the ventral root response to both routes of 
excitation. Usually no less than 30 min of continuous administration were required to reach 
the desired depth of depression. At this time normal Ringer’s fluid was allowed again into 
the chamber and observations were initiated. The use of the barbiturate was resumed as 
soon as the threshold of ventral root responses began to shift vweward lower values. Such a 
procedure was necessary in order to keep the level of depression fairly constant. Continuous 
administration of pentobarbital for more than the indicated time generally caused the 
preparation to undergo irreversible damage. Lower concentrations of pentobarbital with 
continuous administration were tried in a few experiments, but suitable and stable levels of 
depression were never achieved. 

Bernstein & Weatherall (1952) has been used as a guide in the treatment of data. 


RESULTS 
In the shane of drug depression, stimulation of motoneurones over 
dorsal root (DR) or lateral column (LC) fibres gives rise to different 
patterns of discharge (Brookhart et al. 1959). In addition, focal potentials 
recorded from the dorsal and ventral horns also show striking differences. 
These differences are illustrated in Fig. 1. Focal potentials initiated in the 
ventral and dorsal horns upon DR and LC stimulation were recorded 
simultaneously with responses in the ventral root (VR). For preliminary 


comparisons, the beginning of the VR response may be used as an index 


of the onset of post-synaptic events in the focal recording. The post- 
synaptic activity recorded from the ventral horn yielded recordings which 
were initially negative following LC stimulation and initially positive 
following DR stimulation. Conversely, in the dorsal horn, post-synaptic 


activity is accompanied by a small positive-going slow wave following LC 


stimulation and an initially negative response following DR stimulation. 
These changes permit the inference that DR excitation initiates post- 
synaptic activity first in the dorsal horn,-and only later does the moto- 
neurone pool become active. LC stimulation initiates post-synaptic 
responses in the vicinity of the motoneurone pool and signs of activity do 
not appear in the dorsal horn. 

Thus, this sort of study supports, in a preliminary fashion, the hypo- 
thesis based upon anatomical information. On the other hand, it does not 
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add information concerning the site of generation of the responses witl.in 
the motoneurones. Specific signs of dendritic responses of motoneurones 
would be masked, in the dorsal horn (Fig. 1D), by the activation of inter- 
nuncial neurones which might, in turn, contribute terminals to any part 


_ of the motoneurone. Activity of internuncials would also mask events 
produced by whatever direct, monosynaptic connexions might exist 


Simultaneous recordings 


Fig. 1. Focal and radicular responses recorded simultaneously in a single un- 
treated preparation, Focal responses from the ventral horn (A and B) and dorsal 
horn (C and D) were initiated by two routes of stimulation as indicated to the left. 
Note the opposite phases of focal post-synaptic components associated with the 
two forms of stimulation. To the right, the patterns of discharge in ventral root 
fibres, Part of the highly synchronized discharge initiated by lateral column 
stimulation is off-screen. Note the pattern of after-discharge. In this and all 
subsequent recordings, negativity at the active electrode is recorded by an upward 
deflexion. The spikes recorded from ventral root fibres (A’ and ©’) have been 
retouched to restore losses in photography. 
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between DR terminals and those dendritic expansions of motoneurones 
whose existence in the dorsal horn has been histologically proved (Sala, 
y Pons, 1892; Liu & Chambers, 1957). Older anatomical studies (Van 
Gehuchten, 1892) led to the conclusion that such monosynaptic connexions 
do not occur in Amphibia. Nevertheless, some of the results described in 
the physiological literature on the frog’s spinal cord would be better 
explained by assuming the operation of a two-neurone reflex arc (cf. Barron 
& Matthews, 1938; Eccles, 1946; Marx, 1950; Fuortes, 1951). Studies of 
intracellular potential changes reported in a previous 6 (Machne et al. 
1959) have called attention to this possibility. 


Experimental procedure 
The experimental situation has therefore been simplified, and a procedure 
has been utilized in which all post-synaptic discharges were eliminated. 
The effects of applied stimuli were consequently confined to those structures 
directly impinged upon by primary fibres. It is generally agreed that 
electrotonic propagation does not take place across synaptic junctions, 
with the exception of certain structures, characterized by special geo- 


metric arrangements (Furshpan & Potter, 1959; Bullock & Hagiwara, 


1957; Bullock, 1953). Since ventral root slow waves are electrotonically 
propagated, they must reflect EPSP’s of motoneurones exclusively. If 
motoneuronal EPSP’s are generated by primary terminals impinging on 
_ different portions of the neurone, the study of the distribution of focal 
signs of post-synaptic activity associated with ventral root slow wave 
should reveal the location of the activated portions of the motoneuronal 
membrane. The validity of this reasoning (Eccles, 1946; Brooks & Eccles, 
1947; Eccles, Fatt, Landgren & Winsbury, 1954) is dependent upon 
the actual and complete suppression of every post-synaptic discharge, 
so that only stationary potentials are initiated in post-synaptic elements. 
As a consequence, internuncial relays must be blocked and volleys initiated 
in DR and LC fibres must evoke nothing but elemental VR slow waves. 

Such a situation has been attained by the use of deep depression with 
pentobarbital and adequately weak stimuli. As previously: noticed by 
Eccles and co-workers, it was often impossible, within workable levels of 
depression, to block every polysynaptic pathway. To overcome this 
limitation, a careful adjustment. of the intensity of stimulation was 
required, until the voltage was found type ot evoke only, VR slow 


reliability of slow wave achioets as an ses of the synchronous response 
of motoneurones to a presynaptic volley which has not been temporally 
dispersed by internuncial paths of different lengths. A series of responses 
is reproduced, evoked in a depressed cord by DR stimuli of different 
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intensities and recorded simultaneously from dorsal horn and from ventral 
- toot. Although no stimulus ever evoked motoneuronal discharge, yet the 
time course of the slow wave did not become elemental as long as post- 
synatic, asynchronous discharges appeared the dorsal horn tracings. 
Subliminal motoneuronal re-excitation also occurred following LC stimu- 
lation if the intensity was too great or if the stimulating electrode was not 
adequately located in or on the lateral column. This location proved to be 
highly selective; minimal displacement from the optimal point (found by 
trial and error) readily changed the time course of recorded slow waves. 


Fig. 2. Focal and radicular responses recorded simultaneously in a preparation 
treated with pentobarbital. Dorsal root stimuli of increasing intensity from top to 
bottom. With the exception of the top recordings, the dorsal horn focus (A) shows 
increasing interneuronal discharge which correlates with characteristic departure 
from exponentiality in the decay phase of the ventral root slow wave (B). The spikes 
recorded from the dorsal focus have been retouched to restore losses in photography. 
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Ventral root responses showed a different sensitivity to pentobarbital 
depression, depending upon the route of activation. As a rule, after 
20-30 min of perfusion with pentobarbital-Ringer’s solution even maxima! 
DR stimuli failed to evoke motoneuronal discharges, thus confirming 
Eccles’s earlier results (Eccles, 1946). The synchronized outburst of short 
latency evoked by LC stimulation in the untreated cord (Brookhart et al. 
1959), on the other hand, diminished only slightly in amplitude until the 
general depression of the preparation became irreversible. This different 
sensitivity enabled us to prevent any undue impairment of motoneuronal 
excitability. The maximal response elicitable from VR upon LC stimu- 
lation was periodically checked: no observations were made if it became 
impossible to evoke the short-latency, highly synchronized discharge. If 
not specified otherwise, the actual observations were carried out with 
stimuli so adjusted as to evoke, for both ways of activation, the maximal 
slow wave still maintaining an elemental time course. 

Experiments have been performed in the above-defined conditions in 
order (a) to identify the nature of potential changes focally recorded; 
(6) to map their distribution within the spinal cord and (c) to study the 
temporal relationships between such potentials and VR-recorded slow 
waves. 

Nature of focal responses. Evoked potentials recorded from specific foci 
upon LC or DR fibre activation and obtained by stimuli of increasing 
voltage are shown in Fig. 3. Identification of the various components of 
the responses is provided by the close similarity to reactions obtained from 
the cat spinal cord under comparable conditions (Brooks & Eccles, 1947). 
The evoked potential change begins with the diphasic signs of the pre- 
synaptic volley, approaching and eventually reaching presynaptic termi- 
nals. This spike is followed by the post-synaptic response, characterized by 
a time course fast in its rising phase and slower in its decay, which appears 
to be exponential. Such evolution is apparent in all tracings reproduced in 
Fig. 3, and does not change with varying intensity of stimulation. This is 
proof of the elemental, graded nature of the recorded post-synaptic re- 
actions. The time course of the decaying phase of the post-synaptic 
reactions is illustrated in more detail by the plotted values in Fig. 4. The 
apparent exponential character of the decay is confirmed by the close 
approach to linearity exhibited by these semi-logarithmic plots. The slight 
departure from linearity, particularly noticeable in the responses to LC 
excitation, has possible implications which cannot be dealt with at this 
time (cf. Fatt, 19576). Since stimuli evoking these focal responses also 
elicited slow waves of elemental time course in ventral roots, the actual 
existence in the frog of monosynaptic connexions between motoneurones 
and both routes of activation can be considered as proved. 
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Accurate measurements of parameters of focal potentials were performed 
in a number of experiments, in order to compare the responses set up by 
LC or DR stimuli. The results of many observations are summarized below 
in terms of the mean value and standard error. Conduction time, measured 
by the interval between stimulus artifact and peak of the positive phase of 
presynaptic component, was 0-45 + 0-057 msec (n = 9) and 0-61 +0-052 


msec (n = 15) respectively for LC and DR stimulation. The interval 


between the arrival of the presynaptic volley at the recording point and 
the onset of the post-synaptic potential, expressing the duration of 
synaptic delay, averaged 1-10 + 0-075 msec (n = 17) (LC stimulation) and 


Fig. 3. Focal responses to increasing intensities of stimulation. A, dorsal horn 
responses to DR stimuli. B, ventral horn responses to LC stimuli. In all recordings 
the fast diphasic portion of the complex is presynaptic in origin. Note the increase 
in amplitude without change in time course of the post-synaptic portions of these 
complexes, | 
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1-40 + 0-083 msec (n = 15) (DR stimulation), Both differences are signifi- 
cant (P < 0-02). The mean duration of the rising phase of post-synaptic 
potentials was practically the same in the two cases, equalling 1-65 + 
0-092 (n = 17) (LC stimulation) and 1-67+0-081 msec (n = 13) (DR 
stimulation). Likewise no significant difference was found in the time 
constant of exponential decay. For LC-evoked and DR-evoked responses 


LC stimulation 


+ 6 8 10 12 14 


Percentage of peak amplitude 


DR stimulation 


2 4 6 ‘8 0 22 14 
Milliseconds after peak 

Fig. 4. Decay phases of post-synaptic responses plotted on semilogarithmic co- 

ordinates. Responses to lateral column stimulation (A) recorded from ventral 

horn; responses to dorsal root stimulation (B) recorded from dorsal horn. The 
_ heavy lines indicate the mean values obtained from eight preparations; the dashes 

include two standard deviations; the plotted points represent characteristic single 

preparations not included in the means. The time constant of the exponential decay 

is given by the intersection with the 1/e ordinate. The difference in time constant of 

decay for the two focal potentials is not significant. 


the mean values were 10-1 + 1-46 (n = 8) and 9-5 + 1-14 msec (n = 8); the 
probability that this small difference had occurred by chance in the treated 
sample is more than 60°. To summarize, it can be said that only the para- 
meters of the presynaptic components depended upon the route of stimu- 
lation; the evolution of post-synaptic potentials can be considered 
elemental and identical in the two cases. 


The longer conduction time measured in DR-evoked focal potentials is 


explained by the technical arrangement used in these experiments. Between 
_ focal probe and DR-stimulating electrode the distance was greater than 
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that between focal probe and LC-stimulating electrode. As a matter of 


- fact, differences in conduction time as great as half a millisecond were 


observed in some cases (see Fig. 8) in which the placement of DR-electrode 
was unusually far from the root entrance; for this reason they have not 
been included in the mean. On the other hand, the synaptic delay was 
also longer in DR-evoked than in LC-evoked focal potentials. Since the 
time course of post-synaptic components was virtually independent of the 
route of activation, it seems reasonable to refer this difference to charac- 
teristics of presynaptic terminals. 

All the values quoted above are slightly greater than those measured in 
monosynaptically induced focal potentials recorded from the cat’s spinal 
cord. However, the two ranges are comparable in magnitude. The small 
differences can be accounted for by diversity of species, since their sign 
agrees with the general pattern shown by comparison of homologous 
phenomena in Mammalia and Amphibia. | 

Topographical distribution of focal potentials. Although the time course 
of post-synaptic potential changes was.the same for both forms.of excita- 
tion, studies of their distribution throughout the cross-section of the spinal 
cord revealed clear differences. In the maps of Fig. 5, areas bordered by 
the heavy solid lines show the average distribution of negative focal post- 
synaptic potentials as described above, 20° of the maximal amplitude 
being chosen as marginal value (cf. Eccles et al. 1954). (For the sake of 
brevity, hereafter the expressions ‘focal post-synaptic potential’ or ‘focal 
post-synaptic response’ if used without any specification of polarity shall | 
be meant to indicate only negative-going potential changes.) 

The patterns of distribution observed upon DR and LC stimulation 
differed greatly, and no overlapping was seen to occur between the two 


activated areas. Stimulation of DR activated a region mostly confined to 


the dorsal horn, but post-synaptic potentials evoked by LC stimulation 
were detected from the ventral horn and from the ventromedial funiculus. 


Within these regions, the amplitude of the post-synaptic response was not 


uniform. The areas of major potential change are indicated by the cross- 
hatching in Fig. 5. It should be noted that the two most dorsal foci 
activated by DR fibres are in regions where, in addition to internuncial © 
elements, rich dendritic arborizations from motoneurones have been histo- 


logically described (Sala y Pons, 1892). The major focus closely corres- 


ponding with the motoneurone pool is specifically activated by LC stimu- 
lation. The focus in the intermediate zone is characterized anatomically 
by predominance of internuncial cells. The smaller foci indicated for LC 
stimulation along the ventromedial margin of the ventral horn were not 
constantly found. Their positions, moreover, varied markedly in successive 
experiments. We suspect that one of the sources of this variability might 
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reside in small differences in the placement of stimulating electrodes. 
Detailed consideration of the variation of response within the areas of focal 
negativity will be presented below. ke 

It has seemed of interest to establish the location of the sources of 
current caused to flow by focal post-synaptic potentials. If the focal post- 
synaptic potentials originate primarily from motoneurone activation, the 
distribution of related sources should conform to the anatomical distri- 
bution of those portions of the motoneurone membrane which have not 


Topographical distribution of focal potentials 


B 
Stim. lat. col. Stim. dors. root 


Fig. 5. Distribution of focal respouses to two forms of stimulation. A schematized 
cross-section of segment X is presented. The circles in the ventral horns outline the 
borders of the motoneurone nucleus. Foci related to lateral column stimulation are 
indicated on the left; those related to dorsal root stimulation on the right. The 
heavy lines delimit the areas in which focal negativity was recorded. The cross- 
hatched areas represent zones of particularly intense focal negativity in many 
experiments. The interrupted lines delimit zones in. which positive-going waves 
occurred coincidentally with post-synaptic focal negativity in other areas, dot-and- 
dash lines indicating boundaries better defined than those marked by dashes only. 
The straight lines describe the paths traversed by electrodes during the recording 
of responses illustrated in Fig. 6. The calibrations are depths beneath point of entry 
of penetrating electrode. Note the complete lack of overlap of zones of focal 
negativity initiated by the two forms of stimulation. 


been directly activated. Judging from the distribution of positive-going 
waves, it would appear that activity initiated by LC terminals on moto- 
neurone bodies and proximal dendrites draws currents from axons in the 
ventral white matter and from terminal dendrites lying dorsally ; synaptic 


activity initiated in distal portions of the dendritic tree by activation of 


DR fibres is chiefly associated with sources in motoneurone bodies and 
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axons in the ventral regions of the spinal cord. Such a distribution would 
be highly unlikely if the focal post-synaptic potentials originated solely 
from interneuronal activation. In the maps of Fig. 5, the interrupted lines 
define regions from which positive-going potential changes indicative of 
sources have been recorded. Both for LC and DR stimulation, the over-all 


distribution suggests that the production of focal post-synaptic response 


was due, at least in part, to the activation of motoneurone membrane. 
Upon LC stimulation the boundaries were sometimes difficult to define 
and varied somewhat from one experiment to another; moreover, the 
amplitude of recorded potentials was small. In some experiments no 
positive potentials at all were recorded upon LC stimulation. Possible 
explanation for this behaviour is provided in the Discussion. 

Details of the changes of configuration of post-synaptic responses are 
illustrated in Fig. 6. In this figure two typical series of responses are 
arranged according to the depth of an electrode tip passing through the 
motor nucleus from its ventrolateral aspect to penetrate the region of 
internuncial and motoneuronal dendrites in the dorsal horn. One of these 
series was recorded during LC stimulation and penetration along the track 
in the map of Fig. 5A; the other was recorded during DR stimulation and 
penetration along the track indicated in Fig. 5B. | 

It can be seen that LC-evoked focal post-synaptic potentials became 
progressively larger as the electrode approached and progressively smaller 


upon leaving the motoneurone pool; eventually they were replaced by a 


positive-going response. The voltage change occurring in this dorsal source 
was very small; its time course was roughly comparable to the time course 
of the associated focal post-synaptic potentials. The reversal either 
happened through a slightly diphasic response, as can be seen in the series 
reproduced, or involved the passage across a zone of equal potential with 
the reference electrode. No clear correlation has been established between 
location of reversal zone and reversal pattern. 

Upon DR stimulation the changes occurring in focal responses with 


_ progressive penetration were approximately the opposite to those observed 


with LC stimulation. Focal excitatory post-synaptic activity was recorded 


from the deep regions of the dorsal horn, while in correspondence with the 


motoneurone pool, and more widely throughout the ventral horn, a 
positive-going event was recorded. Examination of tracings obtained with 
faster sweep speeds permitted a precise determination of the relationships 
between time course of dorsal sink and time course of source recorded from 


_ the ventral portions of the track. A sharp identity of latencies and times 


to peak contrasted with a difference in the decay phases. The decay of the 
ventral positivity was much faster than that of the dorsal focal post- 


| Synaptic potential; moreover, it could not be fitted on a straight line if 
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plotted as logarithm of potential against time. The reversal between dorsal 
negativities and positive-going deflexions involved, as a rule, the passage 
through a zone of diphasicity, in which the post-synaptic response began 
with a short positive deflexion, followed by a longer-lasting negative wave. 
It will appear from the Discussion that both this reversal pattern, and the 
lack of correspondence between time course of sources and sinks, could be 
explained by the operation of a distorting factor in ventral regions of the 
cord when post-synaptic activity was developing in the dorsal horn. 


Fig. 6. Changes in configuration of focal potentials during penetration to succes- 
sively greater depths. Potentials initiated by DR stimulation in column to left; 
those initiated by LC stimulation in column to right. The calibrated electrode 

_ tracks are indicated in Fig. 5. Note the distribution of post-synaptic negativity 
in the more dorsal portions of the penetration following DR stimulation and in 
the ventral horn zones following LC stimulation. | 
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Gradients within focal areas. It has already been stated that the ampli- 
tude of the post-synaptic response varied in different portions of a focal 
area of negativity. On the assumption that areas of concentration of 
synaptic knobs would give rise to maximal responses within a focus, it 


seemed worth while to examine amplitude changes in more detail. Careful 


Lateral foci Medial foci 


A 
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Distance from maximal response 


Fig..7. Alterations of focal potentials within fields activated by lateral column © 
stimuli. The measurements deal with foci which were maximal in the region of the 
motoneurone nucleus (A) and in the medial portion of the ventral horn among 
internuncials and motoneurone dendrites (B). The small maps at the top each 
illustrate the courses of four penetrations. On each track, the point of maximum 
response amplitude is indicated by a small heavy cross-bar and relates to the zero 
abscissal value in the graphs below. The relation between each line-graph and the 
proper electrode track is indicated by the symbols and line characteristics. The 
uniformity of latency, coupled with concurrent decrease in amplitude and increase 
in rise time, suggests that synaptic activation occurs in a restricted focus and that 
negativity spreads from this focus by electrotonic propagation. : 
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inspection of the records revealed that, in addition to amplitude gradients, 


the responses within a focal area of negativity were also characterized by — 


progressive changes in time course. 

The results of studies of the responses due to lateral column stimulation 
are presented in graphic form in Fig. 7. The families of curves shown in this 
figure refer to tracks coursing in various directions across the ventral horn. 
Directions of various tracks as determined from histological preparations 
are shown in the diagrams above the graphs. Percentage changes in peak 
amplitude, duration of rising phase, and latency, have been plotted as a 
function of distance from that point along each track which yielded the 
maximal response. 

The data utilized for the graphs on the left (Fig. 7.4) refer to tracks 
passing through the motor nucleus. One can see that in all these tracks the 
locus of maximal response fell within the limits of the motoneurone pool. 


With increasing distance from the pool, the amplitude of post-synaptic 


response decreased rapidly, and this decay was regularly linked with 
lengthening time to peak. The latency, however, remained practicallv 
constant throughout the whole series of records. 

‘The four penetrations yielding the data displayed in the graphs of Fig. 7 B 
crossed the medial portion of the ventral horn. In each of these penetra- 
tions the maximal response was recorded from a focus outside the moto- 
neurone pool. With one exception, the gradients of amplitude and time 
course were essentially the same as those noted for penetrations which did 
traverse the motor nucleus. Again, no significant changes in latency were 
noted. In the exceptional case, the tip of the electrode passed through both 
the ventromedial field and the motor nucleus. The responses recorded 
during this penetration failed to show any decrement over approximately 
» 400 yw, until the tip of the electrode passed the middle of the motor nucleus. 
The inter-individual variation in positions of foci in the ventromedial area, 
which has been mentioned previously, is indicated by the scatter of maximal 
points on the tracks of Fig. 7B. In some experiments, no evidence of a 
medial focus was found (see track ‘*’, Fig. 7A). 

similar analysis, carried on for dats obtained upon DR 
showed that in the dorsal horn focal post-synaptic potentials remained at a 
nearly constant amplitude over distances longer than those measured in 
the ventral horn for LC-evoked responses. The decrement observed while 
leaving areas of maximal response was not accompanied by proportional 
delay in rise time until the micro-electrode was very close to the boundaries 
of the region from which negative monophasic responses could be recorded. 

The observations on ventral horn potentials thus reveal a close corre- 
lation between amplitude gradient of post-synaptic response and altera- 
tions in rise time, whereas latencies are quite independent of the electrode 
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position. If it is assumed that variations in synaptic density are the only 
cause of variations in amplitude, the observed alterations in rise time would 
not be predicted. Considering the uniformity of latency, the more reason- 
able explanation of both amplitude and temporal gradients is that the 
focal negativity outside the area of maximal response results from electro- 
tonic propagation into inactive areas from directly activated subsynaptic 
zones on the same membrane. The lack of a clearly recognizable expo- 
nential rate of decrement does not constitute critical evidence against this 
interpretation. Exponential decrement might be masked or distorted 
while recording unipolarly from a volume conductor in which structures 
of different size, length and orientation are simultaneously activated. It 
would seem, therefore, that LC stimulation results in activation of synaptic 
terminals in rather sharply restricted zones within the ventral horn. Con- 
cerning the one exceptional case in Fig. 7B, in which amplitude decrement 
and temporal distortion did not occur in such a way as to suggest a restricted 
zone of activation, it is known that long motoneurone dendrites mingle 
with internuncials in the medial portion of the grey matter (Sala y Pons, 
1892). It has also been shown that lateral column fibres terminate in this 
same region (Liu & Chambers, 1957). Consequently, both pre- and post- 
synaptic elements necessary for distributed, as contrasted to focal, 
activation are present. In the dorsal horn, likewise, the lack of proportion- 
ality between amplitude decrement and prolongation of rise time suggests 
that synaptic activity is initiated by DR stimulation over a wide field 
within the dorsal horn. Synaptic connexions are therefore likely to be 
made with most of those structures whose presence has been histologically 
demonstrated within the region from which focal post-synaptic negativity 
can be recorded upon DR stimulation. 

Temporal relationships between focal post-synaptic potentials and ventral 
root slow waves. It has already been pointed out in a previous section that 


under the conditions of these experiments focal post-synaptic potentials 


elicited upon stimulation of LC and DR fibres must originate from elements 
activated by terminals of primary fibres. Since stimuli used in evoking 
such potentials were effective in eliciting elemental slow waves in ventral | 


Toots, the existence of a continuous membrane between activated zone and 


motor axons can be safely inferred. The total lack of overlap between 
distribution of focal post-synaptic potentials set up over the two routes of 
stimulation forces the conclusion that DR fibres and LC fibres establish 
such connexions in different sites on motoneuronal membranes; that is, 
with the long dendritic expansions stretching into the dorsal horn in one 
ease, and with cell bodies and possibly most proximal dendrites in the 
other. This conclusion has been submitted to crucial test by analysing the 
temporal relationships between focal potentials and associated VR slow 
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waves. If the interpretation is correct, the consequence of the greater 
distance covered by DR-evoked slow wave in its electrotonic propagation 
from the dorsal horn must become apparent in the form of a greater dif- 
ference between the time course of the focal potential and the resultant 
VR slow wave. Since, in the frog, the motoneurones are tightly clustered 
in a narrow cell column, unequal axonal lengths need not be considered as 


a possible source of variations. 


Fig. 8. Comparison of time course of focal and radicular responses to two forms 

of excitation. All the tracings refer to the same preparation. In A the dorsal horn 
focal response was recorded simultaneously with the VR slow wave (A,) following 

DR excitation. In B the ventral horn focal response was recorded simultaneously __ 
with the. VR slow wave (B,) following LC excitation. Although each radicular 
response has a latency identical with that of the related focal post-synaptic 
response, the rise and decay times are distorted. The degree of distortion is greater 

for DR responses than for LC responses. 


Examples of records from which the critical data have been drawn are 
presented in Fig. 8. Simultaneous records of the appropriate focal response 
and the associated VR slow wave illustrate the events following stimulation 
over the two routes in the same animal. It is immediately apparent that 
the onset of the post-synaptic events is simultaneous in each pair of 
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records. It is also apparent that the rise and decay times of the post- 
synaptic waves are longer in the ventral root recordings than in the focal 
recordings. Careful measurements reveal that the rise times of both focal 
potentials are essentially the same (DR, 1-85 msec; LC, 1-70 msec). 
Furthermore, the prolongation of the rise time of the ventral root response 


js greater following DR excitation than following lateral column excitation 


(DR, 3-70-1-85 = 1-95 msec; LC, 2-65-1-70 = 0-95 msec). Similar mea- 
surements have been carried out on records from a number of experiments 
which permitted paired comparisons. All the measurements presented in 
Table 1 were derived from ten individuals. In each individual, both forms 
of response were elicited from the same spinal cord and differences were 
evaluated by comparisons of the pairs of measurements. For both routes 
of stimulation, the correspondence of the latencies of focal and VR po- 
tentials is so close as to obviate the necessity for statistical validation. 


Taste 1. Latencies and rise times of post-synaptic events initiated by two routes of 


stimulation and recorded from appropriate foci and ventral roots 
(Mean +s.£.; n = 10; paired values.) | 


DR stimulation LC stimulation 
"Latency, Rise time Latency time 
(msec) (msec) (msec) (msec) 


Focal post-synaptic 1-884+0-143(a) 1-67+0-092 1:58+0-132(a)  1-65+40-120 


Ventral root slow 1-93+0-095(b) 4:10+0-251(c) 1-69+0-133(b) 3-20+0-293(c) 


wave 
Mean differences and their statistical significance 


(a) Focal latency: mean (DR minus LC) = +0:297+0°135;¢ = 2-200;0-10 > P > 0-05. 
(6) VR latency: mean (DR minus LC) = +0-245+0-106; ¢ = 2-322; 0-05 > P > 0:02. 
(ce) VR rise time: mean (DR minus LC) = +0-900+ 0-339; ¢ = 2-655; 0-05 > P > 0-02. 


Similarly, the interval from initiation to peak of the focal post-synaptic 
response was the same for both foci. In contrast, the rise time of the 
ventral root slow wave was so much longer in both cases than that of the 
associated focal potential, that statistical validation was considered 
superfluous. Since the rise time of focal potentials was the same for both 


| Poutes of excitation, the difference between the rise time of the two VR 


| slow waves expresses an additional delay introduced into the VR response 


to DR excitation. The difference in rise time of ventral root slow waves 
has been statistically validated (see comparison ‘c’, Table 1). Our results — 
do not support the opinion (Bonnet & Bremer, 1952) that the distances 
between intraspinal foci and radicular recording point are not sufficiently 
great to produce a significant amount of delay. 

' Similar evidence of temporal distortion in the VR slow wave has been 
obtained by measurement of the time constant of decay. It will be recalled 
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that the time constant of exponential decay of each of the focal potentials 
was the same (Fig. 4). Careful measurements of decay curves of ventral 
root responses confirmed the prolongation which has been noted in the 
records of Fig. 8. In the sample of ten experiments included in Table |. 
the mean time constant of decay was 33-5 + 3-99 msec for LC-evoked slow 
waves and 38-75 + 4-58 msec for DR-evoked slow waves. The differences 
between LC and DR decay time constants in the same individual had a 
mean of 5:25 + 1-957. This mean difference is significantly different from 
zero (t = 2-683; 0-05 > P > 0-02). It is our opinion that the relatively 
large variances encountered arise primarily from the difficulty of. estab- 
lishing a single point on a slowly changing decay curve. Thus, the greater 
distortion of time course of the DR-evoked slow wave supports the inter- 
pretation of electrotonic propagation over a greater distance. 


DISCUSSION 


Inferences concerning the site of impact of the two kinds of presynaptic 
volleys on the motor neurones of the frog spinal cord may be derived from 
the following items of evidence. (1) The observations have been confined 
to focal and ventral root potential changes having a simple rising phase and 
an exponential decay. This time course attests the lack of internuncial 
discharge and the monosynaptic nature of the pathways under study. 
(2) The focal potentials initiated in the gray matter by the two forms of 
‘stimulation were identical in time course. Those evoked by LC excitation 
centred in the area occupied by motoneurones and proximal dendrites; 
those evoked by DR exeitation centred in an area occupied by inter- 
neurones and dendritic extensions of motoneurones. (3) The onset of all 
focal potentials was simultaneous with the onset of the associated VR slow 
wave. (4) Comparison of the temporal characteristics of focal and radicular 
potentials revealed a distortion which was greater for responses evoked by 
DR stimulation than for responses evoked by LC stimulation. It is neces- 
sary to assume only that the post-synaptic membrane response is a 
_ stationary EPSP passively propagated to the ventral roots by electro- 
tonus. The acceptability of this assumption has been well justified (Barron 
& Matthews, 1938; Eccles, 1946; Brooks & Eccles, 1947; Bonnet & 
Bremer, 1952). No other assumption would be consistent with the identity 
of latency between focal and radicular potentials. Within this framework 
lie all the elements necessary for the conclusion that LC activity influenced 
motoneurones over synapses located on cell bodies and proximal dendrites, 
whereas DR activity was delivered over primary fibres terminating on 
distal portions of the dendritic trees of the motoneurones. 

Attention should be directed to certain simplifications adopted in the 
interpretation of the data. The potential changes dealt with have been 
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interpreted as excitatory post-synaptic potentials. Any inhibitory post- 
synaptic potentials of monosynaptic origin (Terzuolo, 1954; Gernandt & 
Terzuolo, 1955) must have been completely obscured by over-riding 
depolarization, since focal positivities in areas of active synaptic termi- 
nations have not been observed. Inhibitory post-synaptic potentials of 
di-synaptic origin would have been prevented by the internuncial blockade 
resulting from the pentobarbital. Focal positivity in the dorsal and ventral 
horns must be interpreted as source activity, since appropriate axon 


terminals do not exist in the areas from which positivity was recorded. 


It is obvious that all post-synaptic elements activated by primary 
fibres would develop EPSP’s and thus contribute to the focal potentials — 
recorded from areas where interneuronal and motoneuronal membrane 
were both present. Inferences drawn from shifts in time course between 
focal and radicular potentials would be therefore valid only if both inter- 
neuronal and motoneuronal EPSP’s have the same time course. Evidence 
that this is the case was obtained from the study of focal potentials evoked 
in the medial portion of the ventral horn outside the motor nucleus, where 
interneuronal elements are present in abundance. No differences in time 
course of focal potentials could be detected although the identity of the 


elements contributing to the response was different in the two positions 


(see Fig..7B, track 

Because of the accelerating dintiortinia inherent in the focal recording 
technique (Brooks & Eccles, 1947), the focal potentials studied must be 
somewhat faster than the EPSP’s with which they are associated. Lack 
of knowledge of the true time course of the EPSP prevents comparison 
between the amounts of distortion observed after electrotonic propagation 
to the ventral roots and the amounts of distortion which could be predicted 
from known space and time constants. This is hardly important, since the 
error introduced by the focal recording technique must be the same for all 
responses. The radicular slow waves evoked by the two forms of stimu- 
lation are both produced by electrotonic propagation over continuous 
motoneuronal membranes. Differences in degree of alteration. in time 
course induced by electrotonic propagation from two equal, uniformly 


| distorted origins must be related to the portions of motoneuronal membrane 


not shared by the two responses. Since the cell bodies are so tightly 


| Clustered, the dendritic membrane is the only portion of the motoneurone 
| which can be considered to be unique to the pathway of the DR response. 


Thus, alternative interpretations of the data summarized at the beginning 


of this section do not appear to be tenable. 


Attention must now be directed to a consideration of the potential 
changes recorded outside the areas of focal negativity. It will be. re- 
called that the response recorded from ventral horn regions following 
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DR stimulation is an initially positive (often diphasic) potential change and 
lies between a dorsal horn focus and a radicular response, both of which are 
initially negative in sign. Because of the gross differences between the 
time course of negativity in the dorsal horn and concurrent positivity in 


simply as evidence of a ventral source furnishing current to a dorsal sink. 
It seems most reasonable to consider that the ventral horn acts as a source 
only until such time that current flows associated with electrotonically 
propagated negativity bring about an early decay of positive and often a 
reversal of potential sign at the tip of the electrode (cf. Lorente de Né, 
1947a; Fatt, 1957a). On this ground, diphasicity at the focal electrode 
would not constitute evidence of actively propagated events (Lorente de 
N6, 19476; Brooks & Eccles, 1947; Barakan, Downman & Eccles, 1949; 
Bishop & Clare, 1953). This explanation of the ventral horn response to 
DR excitation cannot be decisively admitted or discarded because it fails 
to take into account the current flows associated with interneuronal 
membranes whose anatomical distribution is unknown. However, intra- 
cellular recordings (Fadiga & Brookhart, 1960) show that DR excitation 
induces hypopolarization of the cell body at the same time that the 
surrounding medium becomes focally positive. Direct evidence is thus 
available that the contour of the ventral horn response to DR excitation 
is the result of interference between two events having opposite signs. 

The low amplitude of the positive wave in the dorsal horn accompanying 
the ventral horn focal negativity evoked by LC stimulation was expected. 
The focal sink which develops in the region of the cell body can draw 
current from widely dispersed portions of the motoneuronal dendritic 
tree; thus the current density at any one focus in the source area should be 
quite small (Lorente de N6, 1947a). The high gradients of electrotonic 
- decrement which must occur in the thin terminal branches would minimize 
interfering current flows and allow the source activity to reflect with 
accuracy the time course of current flow toward the ventral sink. The contri- 
bution of current from axonal sources would be so small as to be difficult to 
_ detect (Fatt, 19576). These predictions were all verified by the observations. 
It still remains to be seen how the results of the present study correlate 
with the observations on ventral root discharges initiated by these two 
forms of stimulation in the absence of pentobarbital (Brookhart et al. 
1959). There remains no doubt that the highly synchronized outburst 
elicited in VR by lateral column stimulation is the result of monosynaptic 
activation through axo-somatic synapses. In the absence of pentobarbital, 
this initial discharge is frequently followed by a low level of asynchronous 
after-discharge. It seems likely that this latter occurs as a result of re- 
activation of motoneurones through internuncial pathways coursing 


the ventral horn (see Fig. 6), the ventral horn positivity cannot be regarded _ 
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through the medial portions of the ventral horn. Pentobarbital con- 
sistently abolished the after-discharge without seriously affecting the ngel 
synchronized activity. 

In the absence of pentobarbital, dorsal root excitation is followed by 
asynchronous motoneurone discharge which persists for 15-20 msec. In 
the presence of pentobarbital, monosynaptic activation of terminal 
dendrites consistently failed to produce motoneurone discharge. At the 
present time there is no basis for either accepting or rejecting the hypo- 
thesis that pentobarbital acts selectively to depress dendritic responsive- 
ness more than it does that of the soma membrane. On the other hand, if it 
be assumed that pentobarbital depresses all portions of the motoneurone 
membrane to a similar degree, the failure of discharge is susceptible of two 
interpretations.’ Synaptic activation confined to distal portions of 
dendrites may be incapable of initiating firing because of the inability of 
dendrites to conduct propagated impulses (Clare & Bishop, 19554, b) 
coupled with the decrement associated with electrotonic propagation over 


the long, thin dendritic branches. Under these circumstances, the dendritic 


response might not be able to depolarize the cell body to the firing level of 
its trigger zone (Coombs, Curtis & Eccles, 1957a, b; Fuortes, Frank & 
Becker, 1957; Eyzaguirre & Kuffler, 1955; Fatt, 1957); Edwards & Ottoson, 
1958). Alternatively, if dendrites are capable of propagating all-or-none 
responses (Cragg & Hamlyn, 1955), the lack of discharge may be due 
simply to an inadequate number. or potency of synapses from dorsal root 
collaterals. In either case, if interneuronal firing is not prevented, inter- 
neuronal synapses in greater numbers on distal dendrites or applied nearer 
to the cell body would reinforce the response to monosynaptic dorsal root 
activation and result in motoneurone discharge. 

Despite these uncertainties, the results of the present study afford 
evidence of a neuronal system which permits a clear separation between 
the effects of activation over synapses terminating on or near cell bodies 
and synapses terminating on distal ne of the dendritic trees of moto- 
neurones. 

SUMMARY 
1. The isolated spinal cord of the frog has been utilized to obtain 
functional confirmation of suggested anatomical relations between moto- 
neurones and cellulipetal fibres of the dorsal roots and of the lateral 
columns. 

2. Functional depression produced by pentobarbital was used to 
eliminate interneuronal discharge. Under these conditions, it was demon- 
strated that monosynaptic activation of ipsilateral motoneurones may be 
brought about by stimulation of either the lateral column or the dorsal 
toot. Such activation produces potential changes within the spinal cord 
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and in ipsilateral ventral roots in which presynaptic and post-synaptic 
components may be identified. The post-synaptic component may be 
recognized as elemental by virtue of its relatively brief, simple rising phase 
and by its exponential decay. 

3. Upon focal recording the elemental post-synaptic response. to flora 
root stimulation is confined to dorsal horn areas occupied by internuncial 
cell bodies and terminal dendrites of motoneurones. The comparable 
response to lateral column stimulation is confined to the ventral horn, being 
particularly prominent in the vicinity of the motor nucleus and occasionally 
in a medial area occupied by internuncial cells and motoneurone dendrites. 
In both dorsal and ventral foci the post-synaptic events have slightly 
different latencies but identical rise and decay times. 

4. The ventral-root slow waves, originating by electrotonic propagation 
from the activated zones of the motoneurone membranes, have a signifi- 
cantly longer rise time and time constant of decay when excitation is 
initiated by dorsal-root fibres than when it arrives over lateral column 
fibres. Since the focal potentials have the same time course, and since the 
latency of the focal potentials is identical to the latency of the related 
ventral-root slow wave, the delayed rise and fall of the slow wave evoked 
by dorsal-root excitation must be due to the longer path over which spread 
of electrotonus occurs. 

5. It is concluded that the spinal cord of the frog offers a neuronal 
system in which the results of terminal dendritic excitation can be clearly 
differentiated from the results of excitation at the cell body and proximal 
dendrites. 
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The presence of comparatively large quantities of glutamic acid in 
nervous tissue has led to speculation concerning its function therein 
(Waelsch, 1955). Hitherto metabolic aspects have been stressed, but the 
recent demonstrations of the action of y-amino-n-butyric acid (GABA) 
upon neurones (Curtis, Phillis & Watkins, 19596) together with the 
metabolic relationship of this substance to glutamic acid (Waelsch, 1955) 


suggested that the actions of glutamic acid and related acidic amino acids 


upon neurones should be investigated. A preliminary report has been 


published (Curtis, Phillis & Watkins 1959a). The close similarity which 


has been observed between the action of cysteic acid and those of aspartic 
and glutamic acids has led to the inclusion of the sulphonic acid also in 
this report. 


METHODS 


The experimental procedure has been reported previously (Curtis e¢ al. 19596). The 
neurones were located in lumbar segments of cats lightly anaesthetized with pentobarbital 
sodium. Extracellular records were obtained by means of double and five-barrelled electrodes 
from interneurones, motoneurones and Renshaw cells. Co-axial electrodes were used to 
obtain intracellular records from motoneurones whilst simultaneously applying amino 
acid to the external surface of these cells. All substances were prepared for use in the elec- 
trode as near-saturated solutions in dilute NaOH or HCl, so that the final pH was appro- 
priate for their iontophoretic application as either cations or anions. Table | lists the sub- 
stances used, the approximate molarity, pH and nature of the solution and the predominant 


TABLE 1 


Predominant 
molarity pH _ Solvent ion species 
L-Aspartic acid 2 8 NaOH Anion 
L-Glutamic acid 2 8 NaOH Anion 
Cysteic acid 1-5 8 NaOH Anion 
B-Alanine 4 2-5-3 HCl Cation 
y-Amino-n-butyric acid 4 2-5-3 HCl Cation 
Taurine 0:7 8 NaOH Anion 
Acetylcholine bromide 2 4 Water Cation 
Dihydro- f-erythroidine 0-5 4 Water Cation 


hydrobromide 
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ion species present in each case. It will be convenient, as in the earlier paper (Curtis et al. 
19596), to refer to currents as ‘cationic’ or ‘anionic’ when active cation or anion respec- 
tively is passed from the electrode. : 


RESULTS 


As in the earlier report (Curtis et al. 1959b) concerning the depressant 
amino acids, all results are qualitative but the impression was gained that 
there was little quantitative difference between glutamic, aspartic and 
eysteic acids. These substances have been applied in their anionic form 
to interneurones, motoneurones and Renshaw cells. 


Interneurones 


Records have been obtained from over sixty individual interneurones 
located in the dorsal horn or intermediate nucleus of the spinal cord and — 
activated synaptically by volleys in afferent fibres. All such cells have been 
fired by glutamate, aspartate or cysteate ions; in many cases all sub- 
stances have been applied to the same cells with similar results. Figure 1 
illustrates spike potentials from such an interneurone, recorded by means 
of the central barrel of a five-barrelled electrode. This cell was fired ortho- 
dromically by impulses in the high-threshold fibres of the sural nerve 
and typically the orthodromic spikes (Fig. 1 A—F, O) were repetitive and 
superimposed upon a negative focal potential produced by the simultane- 
ous activation of many neighbouring cells. The details of these spikes are 
shown more clearly in Fig. 1G, the diphasic spike being initially negative 
and followed by a smaller positive potential. This form of spike potential 
(cf. Brooks & Eccles, 1947) indicates that the soma of the cell, being a ‘sink’ 


_ for current flowing externally during its active spike phase, becomes a 


‘source’ as the spike propagates along the axon. 
The lower line in Fig. 1 records the current passing through a barrel of 


_ the electrode containing sodium aspartate. Initially a cationic current of 


20 nA prevented the aspartate anion from diffusing out of the electrode, 
but in Fig. 1B, A this current was reversed and gradually increased to a 
maximum of 240 nA (Fig. 1C, A) in 3-8 sec, thus passing an increasing 
amount of aspartate anion into the extracellular ‘space. The current was 
then progressively decreased and terminated in Fig. 1D, A 3 sec later. — 
This cell was firing spontaneously at a low frequency (Fig. 1A), but during 

the application of the aspartate ion the rate of firing was increased to a 
maximum of 72/sec and then decreased to the initial frequency (Fig. 1 £- 
F), the rate following closely the magnitude of the current used to pass 
aspartate from the electrode. Further, as the rate of firing increased, the 


Spike potential was changed in shape, the positive phase increasing in 


size and the preceding negativity decreasing. These effects were readily 
reversible, the spikes of Fig. 1H showing a progressive decrease in 
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the positive phase; those of Fig. 1F were identical with the spikes of 
Fig. 1A. 

Similar observations are shown in Fig. 2, this cell being fired repetitively 
in response to a single orthodromic volley in the peroneal nerve (Fig. 24, 
F, G and L). Although the spike shape is not obvious in Fig. 2, the en- 


0 0 
500 nA 
A 


Fig. 1. Upper beam, potentials recorded extracellularly near a single spinal inter- 
neurone located in the dorsal horn of the seventh lumbar segment and fired ortho- 
dromically (O) by impulses in the sural nerve. The series are continuous from — 
A to F and were recorded on film moving parallel to the X axis of the oscilloscope. © 
The orthodromic response is shown in @ at faster sweep speed. These responses 
were recorded by means of the central barrel of a five-barrelled electrode, one other 
barrel of which contained sodium aspartate. : 

Lower beam indicates the anionic current passing aspartate from the electrode. 
The current commenced at B A, reached a maximum of 240nA at C and thereafter 
was reducing, ceasing at DA. Voltage calibrations: 1 mV for upper beam A-F’; 
500 nA for lower beam; 1 mV for G. Time marker, 1 sec for A—F’; msec for G. 


larged record of Fig. 3A, which corresponds to that of Fig. 2G, shows that 
the orthodromic spikes were diphasic. Each of the two series A—F and 
G-L was recorded on moving film, and the top of one column is continu- 
ous with the bottom of the next, there being less than 5 msec between 
sweeps. At the marker in Fig. 2B (A) glutamate ion was passed, as an 
anion, into the environment of the cell with a current of 53 nA; this current 
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being maintained at a constant level until it was terminated in Fig. 22 

After a latency of about 600 msec the cell commenced to fire 
(Fig. 2B), the frequency gradually increasing to a maximum of about 
7b/sec. This frequency was maintained fairly uniformly until the cessation 


of the iontophoretic current (Fig. 2H, A). The cell then ceased firing in 


jess than 250 msec. During the firing evoked by glutamate the orthodromic 
stimulus produced only one or two spikes; these, however, were followed 


A [1mv B 


10 msec 

Fig. 2. Extracellular responses of an interneurone located in the seventh lumbar 
dorsal horn and fired synaptically by a volley in the peroneal nerve. The responses 
were recorded on film moving parallel to the Y axis of the oscilloscope, there being 
less than 5 msec between sweeps. The rate of film movement is indicated by the 
vertical time bar to the left of A. The responses within the two series A—F and G-L 
are continuous but commence at the bottom of each column so that the top of a 
column is continuous with the bottom of the next in line. The records were made 
by means of one barrel of a double electrode, the other barrel containing sodium 
glutamate. Anion was prevented from diffusing out of the electrode by means of 
a cationic current of 30 nA. In the series A—F an anionic current of 53 nA was 
passed for a time indicated by the two signs (A); similarly in the series G—L 
& current of 120 nA was used. Voltage calibration, 1 mV. 


by a short period of quiescence lasting 60-90 msec (Fig. 2D). This ‘pause’ 
is similar to that observed when Renshaw cells were fired synaptically 
whilst being activated by iontophoretically applied acetylcholine (Curtis 
& R. M. Eccles, 1958a) and has also been observed following the ortho- 
dromic excitation of many interneurones when these cells have a high 
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‘back-ground’ or spontaneous rate of discharge. After the cessation of 
the application of glutamate the orthodromic responses of the cell (Fig. 2 F) 
were identical with those of Fig. 2A. 

In the series Fig. 2A—F the chemically evoked spikes were very similar 
to those produced synaptically and remained constant in shape through- 
out the series. The size of the positive phase of the spike potential was, 

however, a little larger than that of the synaptic spike. When a larger 


| 


10 msec : 


Fig. 3. Extracellular records from the same cell as illustrated in Fig. 2 but at 
higher magnification. A, orthodromic responses of Fig. 2G—L; the spikes have 
been retouched because of partial obliteration in the original records by the suc- 
ceeding sweeps. B, C, responses evoked by glutamate ion; B corresponding to the 
top trace of Fig. 2H and C to portion of the fourth trace from the top of Fig. 2/. 


current of 120 nA was used to pass glutamate from the electrode (Fig. 2G- 
L) this same cell fired at an increasing frequency (Fig. 2H,J), the negative 
phase of the spike becoming smaller and eventually the spike becoming 
replaced by a small positivity (Fig. 2J). Details of the spikes are shown in 
Fig. 3, Fig. 3B corresponding to portion of the upper traces of Fig. 2H 
and Fig. 3C to portion of the fourth trace from the top of Fig. 2J. 


The maximum frequency of this cell was 220/sec (to be compared with 


the initial frequency following synaptic activation of 900/sec), and after 
the conversion of the spike to a small positive potential no further re- 
sponses were evoked either by the continuing application of glutamate 
or by an orthodromic stimulus (Fig. 27). Following the termination of the 
iontophoretic current (Fig. 2K, A) small negative spikes appeared within 
500 msec. These increased in size, becoming not unlike the spikes produced 
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earlier either by glutamate (Fig. 2) or by orthodromic activation. When 
tested 3-5 sec later the orthodromic response was normal (Fig. 2L). 

Thus the two cells illustrated in Figs. 1-3, and indeed all those inter- 
neurones observed in similar circumstances, were fired repetitively after a 
latency of 0-25—0-5 sec by either glutamate, aspartate or cysteate ions 
applied iontophoretically. Most cells observed were fired at low frequency 
when the ‘backing potential’ was removed from the electrode. This 
establishes beyond reasonable doubt that these acids have an excitant 
effect apart from any possible action of the flow of current. Further 
responses of the cells depended upon the current used and thus upon the 
amount of anion applied. When the iontophoretic current was low and 
hence also the maximum frequency, as in Figs. 1 and 2A-—F, the cell 
continued firing during the application of the amino-acid anions and ceased 
within 0-25—-0-5 sec of the termination of the current. The evoked spikes 
were often very similar to those produced orthodromically, namely, a 
negative—positive diphasic spike, the negativity predominating. This type 
of response is very similar to that recorded from Renshaw cells activated 
by iontophoretically applied acetylcholine (cf. Curtis & R. M. Kccles, 
1958a). In some cases, however, as in Fig. 1, the negative component. 
of the spike was decreased in size and the positivity correspondingly 
increased. In those cells where firing was maintained by a continuous 
application of the active anion, the orthodromic responses were partially 
blocked, there being fewer epthee than usual. as 

When larger amounts of the anions were passed, the cells were fired 
at higher frequency and the spikes were rapidly altered in one of two main 
ways. Either there was a simultaneous progressive reduction in both 
negative and positive phases or else the negative phase was progressively 
reduced in size in relation to the positivity. The final outcome, however, 
was a small positive spike which itself eventually disappeared. Simul- 
taneously, the orthodromic responses of these cells were blocked. When this 
stage was reached, no response could be elicited as long as the ionto- 
phoretic current was maintained. Shortly after its cessation, however, a 
few spikes were observed having a nearly normal ratio between negative 
and positive spike size. At this time also normal orthodromic responses 
could be evoked. These alterations in spike configuration were not due to 
the flow of current from the electrode, since even greater currents could 
be passed through the NaCl-containing barrel of the electrode without 
effect. Although on occasions the responses of cells could be modified by 
current alone, these effects began and ended simultaneously with the 
commencement and cessation of the current and were thus easily dif- 
ferentiated from the chemically modified activity seen in Figs. 1-3. 
When multibarrel electrodes were used, it was observed that if current 
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flow through one barrel influenced the behaviour of cells in this fashion, 
‘current flowing in the same direction in other barrels reproduced the effect, 
independently of the solutions contained therein. 

The seemingly dual excitant-depressant actions of these amino-acid 
ions were also shown by their effects upon the field potentials recorded in 
the vicinity of groups of cells activated synaptically. When recorded 
extracellularly in the dorsal horn, the orthodromic excitation of groups 
of cells is signalled by comparatively large and slow negative potentials 
upon which are superimposed the faster spike potentials of single cells 


A B C D 


5 msec 


Fig. 4. Focal potentials recorded within the seventh lumbar segment by means of — 
double-barrel electrodes. A—D recorded in the dorsal horn and evoked by maximal 
stimulation of the peroneal nerve. After the control record A, a current of 100 nA 
passed glutamate ion from the electrode. B and C were recorded 12 and 19 sec 
later; the anionic current was then terminated and the record D taken 12 sec 
later. H-H from another experiment, recorded within the ventral horn in 
response to maximal stimulation of the segmental ventral root. After the control 
record H, a current of 100 nA passed aspartate ion from the electrode. F and G 
were recorded 18 and 29 sec later; the current was then terminated and the record 
H taken 20 sec later. | 


located close to the tip of the recording electrode. These focal potentials 
. were effectively reduced in magnitude by both f-alanine and y-amino-n- 
butyric acid (cf. Curtis et al. 19595). Similarly. when either glutamate, 
aspartate or cysteate ions were applied the focal potentials were also 
reduced in size. Typically the onset of the effect was slower than that ob- 
served using GABA, and occasionally at an early stage there was a slight 
increase in the recorded potential, presumably due to the activation of 
individual cells. Following the cessation of the anionic current applying 
the amino-acid ions the field potentials rapidly regained their original 
size, the rate of recovery being very similar to that observed after the 
cessation of the cationic current applying GABA. As with GABA and 
B-alanine (cf. Curtis et al. 19596), it was possible to convert negative 
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field potentials into positive potentials of similar time course. The negative 
focal potential of Fig. 4A was produced by strong stimulation of the pero- 
neal nerve. Twelve seconds after the onset of the passage of glutamate 
from the electrode this potential was virtually abolished (Fig. 4B) and a 
further 7 sec later it was converted into a positive potential (Fig. 4C). 
Following the cessation of the anionic current, the field potential re- 
govered completely (Fig. 4D). Curtis et al.(1959b) have reported that some 
of the neutral amino acids, for example f-alanine, will suppress the spikes 
evoked in spinal neurones by orthodromic volleys or by glutamate ion. 
Since these experiments were necessarily performed with multibarrel 
electrodes, and because in most cases the excitant acids were applied as 
anions and the depressant acids as cations, such interference in the action 


of the excitants could conceivably be merely a consequence of the oppo- 


site current used to apply the supposed depressant. This possibility was 
discounted by applying both acids as anions. Thus taurine applied as an 
anion from alkaline solutions effectively prevented the excitation of 
interneurones by any one ofthe excitant amino-acid ions. Technical 
difficulties precluded the application of f-alanine and GABA as anions 
from alkaline solutions in multibarrel electrodes, although when passed - 
from freshly prepared alkaline solutions through co-axial electrodes these 
substances were effective depressants of neuronal activity (Curtis & 
Watkins, 1960). 
Motoneurones 

When glutamate, aspartate or cysteate ions were applied from one 
barrel of a multibarrel electrode into the vicinity of motoneurones fired 
either orthodromically or antidromically, the evoked field potentials, 
recorded by means of another barrel of the electrode, were reduced in size 
in a fashion similar to that observed with the field potentials generated 
by the firing of interneurones. The negative potential of Fig. 4H was 
recorded from the ventral horn of the L7 segment of the spinal cord in 
response to maximal ventral root stimulation. The recording was made by 
means of one barrel of a double electrode; the other barrel contained the 
sodium salt of L-aspartic acid, the anion being prevented from diffusing 
out of the electrode by a backing current of 50nA. When this cationic 


~ urrent was reversed and increased to 100 nA, thereby passing the aspar- 


tate ions from the electrode, the field potential was decreased in size, 
being abolished in 12sec (Fig. 4F) and then converted into a positive 
potential (Fig. 4G). Several seconds later this anionic current was 
terminated and the field potential recovered fully in 20 sec (Fig. 4). 
When co-axial electrodes were used, allowing simultaneous intracellular 
recording whilst applying glutamate, aspartate or cysteate ions externally 
to the surface of the membrane of the impaled cell, a membrane depolariza- 


4 
2. 
Ja 
‘ 


664 D.R. CURTIS, J. W. PHILLIS AND J.C. WATKINS 


tion was recorded. The responses of Fig. 5 are from a gastrocnemius cell 
and were recorded with an electrode containing 0-6m-K,SO, solution, of 
tip diameter less than 0-5y. This inner shaft of a co-axial assembly pro- 
jected 60 beyond the 8p diameter outer electrode which contained the 
sodium salt of L-aspartic acid. The cell had a resting potential of 66-72 mV 


Fig. 5. A, the alteration in the resting potential of a gastrocnemius motoneurone 
recorded by means of an electrode, containing 0-6mM—K,SO,, which was the inner 
projecting barrel of a co-axial assembly; the resting potential of the cell was 
68 mV over the time recorded; upward deviation indicates depolarization. B, re- 
corded simultaneously with A, indicates the current flowing in the outer barrel 
of this electrode, which contained sodium aspartate solution. The dotted line indi- 
cates zero current, there being originally a cationic current of 200 nA flowing. 
This was increased by 720 nA (upward arrow) and later reversed so that a total 
anionic current of 520 nA passed aspartate from the electrode (downward arrow). 
C—K, intracellular responses recorded from this cell; C, F and J, control mono- 
synaptic EPSP, polysynaptic IPSP and antidromic spike generated by gastro- 
enemius nerve, peroneal nerve and ventral root stimulation, respectively; D, G 
and J evoked by the same respective stimuli but during the depolarization produced 
by anionic currents of 500, 520 and 510nA, respectively; #, H and K, control 
responses after the recovery of the membrane potential. Voltage calibration: 
5 mV for A (above A); 5 mV for C—E (above C); 2 mV for F—H (above F); 20 mV 
for I-K (above K). Current calibration, 500 nA for B. Time marker, 1 sec for A, 
B, msec for C-E and I-K, 10 msec for F-H. 
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which remained fairly constant for a period of 2 hr. Figure 5.4, recorded 
with a DC amplifier, shows the alterations in this resting potential 
(intracellular depolarization recorded upwards) produced by the passage 
of current through the outer barrel of the electrode, the corresponding 
alterations in current being shown in Fig. 5B, where anionic currents are 
indicated by a downward deflexion. A cationic current of 200 nA was 
flowing through the outer barrel throughout in order to prevent the free 
diffusion of the aspartate anion therefrom. Initially (upward arrow 
Fig. 5B) an additional cationic current of 720 nA was passed and the 
resultant apparent alteration in membrane potential in a depolarizing — 
direction, recorded by the inner electrode, was a consequence of current 
flow in the resistance of approximately 4 kQ between the tips of the two 
electrodes. A similar potential was recorded when both electrodes were 
extracellular, anionic and cationic currents producing mirror-image 
potentials of identical size. In Fig. 5B (downward arrow), an anionic 
current of 520 nA was then passed and the broken line of Fig. 5A plots 
the alteration in potential which would have been expected from this 
current flow alone. However, the recorded potential diverged from that 
_ predicted by at least 7-5 mV in the direction of a membrane depolarization. — 
When the flow of current was terminated, the resting potential returned to - 
its original value with a time course very similar to that with which the 
depolarization arose. Similar depolarizations were obtained with smaller 
and larger currents. Cessation of the ‘backing’ current itself resulted in a 
membrane depolarization of about 1-5 mV, which was probably due to the 
uncontrolled diffusion of aspartate ion from the electrode. 

Results similar to those illustrated were obtained with all motoneurones 
tested with these amino acids, a total of 12 cells being so investigated. 
Thus glutamate, aspartate and cysteate ions depolarize the membrane of 
motoneurones, the time course and size of this action being dependent 
upon the current used and the distance between the point of application 
and the cell membrane. «Depolarizations were maintained unchanged for 
10-30 sec and currents as large as 1 ~A were used. 

In addition to the alterations in membrane potential level produced by 
these ions, the effects upon post-synaptic responses were determined. 
During depolarizations such as are illustrated in Fig. 5A, excitatory post- 
synaptic potentials (EPSP) evoked by stimulation of group la afferent 
fibres were slightly reduced in size (Fig. 5C—H), whereas inhibitory post- 
synaptic potentials (IPSP—Fig. 5F-—H) were increased. It has been 
demonstrated that for motoneurones the equilibrium potential for the 
IPSP is close to the resting potential (cf. Coombs, Eccles & Fatt, 19556), 
whereas that of the EPSP is near zero potential (Coombs, Eccles & Fatt, 
1955c). Consequently a depolarization of even 10 mV would be expected 
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to decrease the EPSP very little, but should greatly increase the IPSP. 
If, however, this depolarization was associated with an increased membrane 
permeability to certain ions, the resultant increase in membrane conduc- 
tance might be expected to reduce the size of both the EPSP and IPSP. 
‘Thus the effects observed in Fig. 5C-H do not necessarily indicate a 
specific alteration in the process of synaptic inhibition, but are consistent 
with the occurrence of a membrane depolarization, — modified by 
an associated conductance change. 7 
The depolarization of motoneurones produced in this way was never 
sufficient to fire the cell, presumably because of the difficulty of obtaining 
a sufficiently high concentration of these acids over a large enough area of 
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Fig. 6. Recorded from the same cell as Fig. 5, A and B again indicating membrane 
potential and iontophoretic current, respectively. The broken line of A indicates 
the membrane potential alteration which would result from the flow of current alone 
(see text). C, magnitude of a current pulse of 0-5 msec duration which was just 
threshold for directly exciting the cell when applied via the intracellular electrode ; 
these tests were made simultaneously with the responses of A and B, the vertical 
broken lines indicating the beginning and end of the current pulses. Voltage 
calibration, mV, indicating resting potential, depolarization again being an up- 
ward deviation; current calibration, B, nA, anionic current being a downward 
deviation ; the backing current of 200 nA is indicated by the difference between the 
current record and the zero current: C, nA. 


membrane. However, the depolarization could be summed with either 
a subthreshold EPSP or an antidromic IS spike to produce a full soma- 
dendritic spike. For the cell illustrated in Fig. 5, stimulation of the axon 
in the segmental ventral root resulted in an intracellular spike response 
of 27 mV (Fig. 57) which had the characteristics of an IS spike (Coombs, 
Curtis & Eccles, 1957a), but was probably considerably attenuated by the 
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comparatively large input impedance of the recording system (of. Curtis 
dal. 19596). During the application of aspartate, the identical. ventral 
root stimulus produced a full SD spike (Fig. 57), again attenuated. This 
result was reversible, an IS spike being again produced following the 
cessation of the iontophoretic current (Fig. 5K). 3 

The direct excitability of impaled cells could be tested by means of 
rectangular current pulses passed through the inner electrode (cf. Coombs, 


Curtis & Eccles, 1959). In Fig. 6C are plotted results from the same cell 


as Fig. 5, each point indicating the magnitude of a current pulse of 0-5 msec 
duration which produced a direct spike potential in 50° of 20 tests. As 
expected, during the depolarization produced by aspartate ion (altera- 
tions in membrané potential, Fig. 6A; outer electrode current, Fig. 6B) 
a smaller current pulse was necessary to evoke a spike than normally. 
There was only a slight alteration in the pulse when a ‘depolarization’ 
was recorded by the intracellular electrode as a cationic current flowed 
through the outer barrel. These results therefore demonstrate that aspar- 
tate, glutamate and cysteate ions applied iontophoretically to the sur- 
face of motoneurones each produce a depolarization which is associated 
with changes in post-synaptic potentials, and with an increase in the 


’ excitability of the cells. 


Renshaw cells 


Renshaw cells, located in the ventral horn of the spinal cord, are acti- 
vated by acetylcholine released synaptically from the terminals of axon 
collaterals or applied iontophoretically from a nearby micro-electrode 
(Curtis & R. M. Eccles, 1958a, b). They are also very effectively fired by 
aspartate, glutamate and cysteate ions. For example, Fig. 7 illustrates 
responses recorded from a Renshaw cell which was fired repetitively by a 
single ventral root volley (Fig.,7A). These spike potentials were recorded 
from the central barrel of a five-barrel electrode. When acetylcholine was 
passed as a cation from one of the barrels of this electrode, the cell was fired 
repetitively (Fig. 7B) after a brief latency of 200 msec, continued to fire 
throughout the application and ceased within 250 msec after termination 
of the current (not shown). Similarly when glutamate was passed. from 
azsther barrel (Fig. 7C’) the Renshaw cell was again fired. It will be noted 


_ that during its action the effects of synaptic stimulation of this cell were 
slightly accentuated. When larger currents were used to pass either 


aspartate, glutamate or cysteate ions, Renshaw cells again were fired 
but rapidly ceased to respond both to synaptic and to chemical stimulation. 
Kecovery was rapid after cessation of the amino-acid application. This — 
type of response is identical to that found with interneurones and was 
illustrated in Fig. 2H-—J. The finding that aspartate, glutamate and 
cysteate ions can also excite Renshaw cells has proved of great value in 
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determining the site of action of these amino-acid ions. It has already - 
been demonstrated that the activation of Renshaw cells by acetylcholine is the 1 
blocked both by dihydro--erythroidine (DHE) (ef. Curtis & R. M. Eccles, — 
1958b) and by the depressant monocarboxylic amino acids (Curtis ¢¢ al. a 
1959b). However, although f-alanine and GABA prevent both aspartate * 
and glutamate from firing Renshaw cells, DHE has no such effect. Thus, l 
after the records of Fig. 7A-C DHE was passed from one barrel of the larly 
electrode, and 30sec later D, H and F were recorded under the same and 
circumstances as A, B and C, respectively. Although DHE depressed obse 
the firing of the cell produced by a ventral root volley (D) and almost ry, 
completely abolished the activation of the cell by acetylcholine (£), the | 
firing produced by glutamate was unaltered (F). app 
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Fig. 7. Extracellular spike potentials of a Renshaw cell recorded by means of the i. 
central barrel of a five-barrel electrode and photographed on moving film in a | 

similar fashion to Fig. 2. A and D, stimulation of the segmental ventral root ; B and star 

E, application of ACh with cationic current of 70nA; C and F, application of cho. 

glutamate ion with an anionic current of 110 nA: A-C before, D—F 30 sec after a ; syn 

current of 120 nA commenced to pass dihydro-8-erythroidine into the vicinity of 

‘the cell. (Spikes retouched.) Time marker, 10 msec for all records; for A and D COBE 

below D, for B, C, E and F below F. syst 

tra} 

Enzyme studies evo 

After the application of a chemical substance to the surface of a cell, apy 

either from an electrode or from presynaptic terminals, the fall in concen- apy 

tration of active material at any one point will depend not only upon ‘free by 

diffusion’ (cf. Eccles & Jaeger, 1958) but also upon the rate of inactivation a 8 

of the substance, be it enzymic or by a process of adsorption upon inert the 

macromolecular surfaces. If the substance has an effect upon the post- spe 

synaptic membrane, the decay of this action will have a time course | 


dependent upon both the rate of fall of the concentration of the substance bee 
and the stability of the receptor-substance complex. ani 
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Studies upon Renshaw cells (Curtis & R. M. Eccles, 19586) have shown 
the importance of cholinesterase in the removal of acetylcholine released _ 
from synaptic endings or applied iontophoretically from a nearby electrode. | _ 
The administration of an anticholinesterase either intravenously (Eccles, | 
Eocles & Fatt, 1956) or locally from an electrode (Curtis & R. M. Eccles, 
1958b) prolongs the action of synaptically released acetylcholine. Simi- 
larly the effect of iontophoretically applied acetylcholine is intensified 
and prolonged, this prolonged action being similar in duration to that 
observed normally for cholinergic drugs such as nicotine and carbachol, 
upon which cholinesterase has no action. 

In the absence of anticholinesterase the action of iontophoretically 
applied acetylcholine upon a single Renshaw cell ceases within 200- 

- 600 msec (cf. Curtis & R. M. Eccles, 1958a, Figs. 2, 3, 5; 1958), Fig. 9). 

Since the cessation of the responses of single interneurones and Renshaw 

cells produced by glutamate or aspartate ions (e.g. Fig. 2) also occurs with- 

in 500 msec of the termination of the applying current, there arises the 

possibility that these acids too are removed not only by free diffusion but : 

also by enzymic destruction. On the other hand, the rapid termination of ‘A 
| the effect could be a reflexion of the instability of the receptor-amino 7s 
acid complex. This latter possibility is strengthened considerably by the : 
similarity in the time course of cessation of activation ofinterneuronesand — BG 
Renshaw cells by L-glutamate, p-glutamate, L-aspartate, D-aspartate and 
L-cysteate ions, for it seems improbable that any one enzyme system could 
remove all these acids at such a similar rate. 

Although it has been suggested that the process of diffusion is adequate 
to clear the subsynaptic regions following the release of excitatory sub- 
stance upon motoneurones (Eccles & Jaeger, 1958), the observation that 
cholinesterase is concerned in the removal of acetylcholine from the 
4 synaptic sites upon Renshaw cells raises the possibility that similar pro- 

cesses. are concerned with transmitter removal elsewhere in the nervous © 
system. Consequently the identification of a substance as a true excitatory 
transmitter would be aided by a comparison of the responses of cells 
evoked both by orthodromic synaptic excitation and by iontophoretic 
application of the respective agent in both the presence and absence. of 
appropriate enzyme inhibitors. The prolongation of both types of response 
by an inhibitor of an enzyme, for which the test substance is known to be 
a substrate, would suggest that the naturally occurring transmitter and 
the applied agent were identical, especially if the enzyme system had a high 
specificity towards the particular substance. 
Various metabolic pathways involving glutamic and aspartic acids have 
been described (Waelsch, 1957). In view of the apparent dual action of the 
anions of these acids in exciting and then depressing neuronal activity, it is 
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Isoniazid 


(Isonicotinic acid 
hydrazide) 


Iproniazid 


(1-isonicotinoy]-2-iso- 
propylhydrazine 
phosphate) 


Carbonyl group reagents 
(Phenylhydrazine HCl; 
hydroxylamine HCl; 
semicarbazide HCl; 
thiosemicarbazide HCl; 


thio bohy HCl 


Sodium benzoate 


Quinine HCl 


Ephedrine HCl 


p-Phenylenediamine HCl 


Sodium fluoride 


Sodium cyanide 


DL-Methionine sulphoxide 


Solution 
H,O 


H,O 


H,O 


H,0 


H,O 


HCl 


H,0 
H,O 


HCl 
pH, 


DL-Methionine sulphoximine HCl 


pH, 


TABLE 2 
Enzyme References 
Glutamic dehydrogenase Krebs, 1951 
Glutamic-pyruvic 
hen, 1951 
transaminase J 
Glutamine synthetase Meister, 1956 
Monoamine oxidase Zeller, 1951 
General p-amino-acid Krebs, 1951 
oxidases 
a2 ‘Sakai, 1954 
transaminase 
Monoamine oxidase Zeller, Barsky, Fouts,. 
Diamine oxidase Kirchheimer & 
Van Orden, 1952 
Glutamic-oxaloacetic Sakai, 1954 
transaminase 
Monoamine oxidase Schayer, 
Diamine oxidase Zeller et al. 1952 
Glutamic-pyruvic Braunshtein, Azarkh & 
transaminase Mogilevskaya, 1955 
Glutamic decarboxylase Killam, 1957; Killam 
& Bain, 1957 
Diamine oxidase Zeller, 1951 
Glutamic dehydrogenase  Takashina, 1956 
General D-amino-acid Krebs, 1951 
oxidases 
Diamine oxidase Zeller, 1951 
Esterases including Ammon & Jaarma, 
cholinesterase 1950; Augustinsson, 
1950 
General D-amino-acid Krebs, 1951 
oxidases | 
Monoamine oxidase Zeller, 1951 
transaminase 
Glutamic-pyruvic Cohen, 
transaminase 


Glutamine synthetase Cohen, 1952 
Esterases Ammon & Jaarma, 
1950 


L-Amino acid decarboxy- Schales, 1951 
lases (including glutamic 


decarboxylase) 
D- and L-amino acid Krebs, 1951 
oxidases 
Glutamine synthetase Meister, 1956 
Diamine oxidase Zeller, 1951 
Glutamine synthetase Meister, 1956 


Glutamine synthetase Meister, 1956 
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natural to consider the enzymes responsible for «-decarboxylation in this 
respect, since the products of such enzymic action, y-amino-n-butyric 
acid and f-alanine, respectively, have a powerful depressant action upon 
neurones (Curtis et al. 19596). It might be considered that the eventual 


‘Plocking action of the excitant amino-acid ions depended upon their 


conversion to the related depressant amino acids. It is also necessary, 
however, to take into account the other enzyme systems that might be 
involved. The various enzyme inhibitors used in attempting to assess 
whether or not these substances were removed from the site of application 
énzymically are listed in Table 2, together with the nature of the solution 
used, the enzymes which amongst others might thereby be inhibited, and 
the reference for this inhibition. The substances were applied iontophoreti- 
eally for periods of up to 3 min and the effects determined both upon the 


orthodromic and glutamate-, aspartate- or cysteate-evoked spikes of 


interneurones. In particular observations were made upon the frequency 
of firing, the duration of response after the ‘cessation of stimulation and 


the rate at which the applied ions either diminished field potentials or 


produced a depolarization type of block after initially exciting cells. 
Altogether records were obtained from over 20 cells, most being activated 
by glutamate ion. In no instance was any action of these enzyme 


| inhibitors observed either on synaptically or on amino-acid-evoked spikes. 


DISCUSSION 
Extensive investigations have indicated that the production of the spike 


‘potential of a neurone by excitatory synaptic action involves two stages 


(Coombs, Curtis & Eccles, 1957b). Initially, as the result of transient 
localized increases in membrane permeability to all ions (Coombs, Eccles & 


| Patt, 1955c), an EPSP is set up which spreads electrotonically over the 


surface membrane of the cell. Secondly, when this depolarization reaches 
 athreshold value, a spike potential is initiated at the region of the axon 


hillock and propagates along the axon and also into the body of the cell. 


| The ionic mechanisms responsible for this spike are probably very similar 


to those producing a spike potential in a nerve fibre (cf. Hodgkin, 1958). 
The observations of the excitatory effects of glutamate, aspartate and 
cysteate ions upon spinal neurones can be interpreted on the basis of their 


active depolarization of the neuronal membrane. Not only has this 
| depolarization of motoneurones been demonstrated, but it has also been 
7 possible to show that the depolarization is associated with a lowered 


threshold for excitation, as tested by a direct stimulus. The accompanying 


alterations in the excitatory and inhibitory post-synaptic potentials can 


be fully explained by this depolarization, and it is unlikely that there is 
any specific alteration in excitatory or inhibitory synaptic transmission. 
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Direct evidence has not been obtained from interneurones by means of 
intracellular electrodes, but it may be presumed that the primary cause of 
the discharge of impulses by these cells is also a membrane depolarization. 

It is unlikely that the depolarizing action of the applied amino-acid 
ions is due to their passing into the intracellular phase, therein behaving 
as free ions or as sources of metabolic energy. Neuronal membrane is 
generally regarded as being impermeable to glutamate ion (Shanes, 1958). 
Moreover, considerable amounts of glutamate have been passed intracel- 
lularly into motoneurones (Coombs et al. 1955a) without producing much 
alteration in the resting potential. It is also unlikely that the activity of 


these substances is associated with the removal of calcium from the extra- 


cellular fluid around neurones, since many compounds which are more 
powerful calcium chelators have no excitant action upon spinal neurones 
when applied iontophoretically (Curtis, Perrin & Watkins, 1960). 

It may be considered that the application of the ions results in the forma- 
tion at the surface of the cell of an amino-acid—receptor complex, the 
stability of which must be low in view of the rapid decay of the effect. 
An investigation of the structure-function relationships of a large series of 
neutral and acidic amino acids has led to certain deductions concerning 
the requirements of such possible receptor sites (Curtis & Watkins, 1960). 
The postulated complex formation must result in an increase of membrane 
permeability, which may be either specifically to sodium ions or perhaps 
more generally to several of the ions involved in the maintenance of the 
membrane resting potential. It is convenient to refer to the sodium ‘car- 
rier’ as that system responsible for the influx of sodium ions during the 
rising phase of the spike potential, without necessarily implying accep- 
tance of any of the current hypotheses as to how this actually takes place 
(Hodgkin, 1958; Shanes, 1958; Mullins, 1959). If, under the influence of 
the excitant amino-acid ions, areas of the membrane became more per- 
meable to sodium ions by localized activation of the sodium ‘carrier’, 
the resultant current flow would depolarize the cell. A depolarization 
would also result if the permeability change involved other ions as well as 
sodium; in this case the action of these amino acids would be similar to 
that of acetylcholine on the end-plate membrane of the neuromuscular 
junction (Fatt & Katz, 1951; del Castillo & Katz, 1954) and of the excita- 
tory transmitter on motoneurones (Coombs et al. 1955c). Differentiation 
between these two mechanisms by which a membrane depolarization can 
arise will depend upon further analyses, particularly of the ‘equilibrium’ 
potential towards which the depolarization is directed (cf. del Castillo & 
Katz, 1954; Coombs et al. 1955c). | 

The observed effects of aspartic, glutamic and cysteic acids and their 
presence in the nervous tissue in association with enzymes responsible 
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for their synthesis and break-down (cf. Waelsch, 1957) raise the question 


whether these or related substances could be specific excitatory trans- 


mitter agents of interneurones and motoneurones (Paton, 1958). The site 
of action of these substances therefore becomes important, for if they were 
excitatory transmitters they would attach to the specific receptor sites 
located beneath excitatory synaptic endings. On the other hand, however, 
these acids might function as non-specific excitants by an action else- 
where upon the post-synaptic membrane. The observation that, although 
dihydro-8-erythroidine blocked the cholinergic excitation of Renshaw 
cells, the excitation by glutamate (Fig. 7), aspartate and cysteate was 


‘unaltered, leads to the conclusion that these ions do not combine with 


receptor sites specialized for combination with acetylcholine. This con- 
clusion is supported by the finding that the amino-acid ions also depolarize 
interneurones and motoneurones, for these cells are non-cholinoceptive 
(Curtis, Phillis & Watkins, unpublished observations). However, it is not 
yet certain whether acetylcholine is the only excitatory transmitter acting 
upon Renshaw cells. If this were so, the firing of non-cholinoceptive and 
purely-cholinoceptive neurones by the amino-acid ions would show these 


substances were not specific excitatory transmitters. On the other hand, 


if other substances in addition to acetylcholine normally excite Renshaw 
cells, then these acids or related compounds may be specific excitatory 
transmitter agents of these spinal neurones. It is considered unlikely, 
however, that either glutamic, aspartic or cysteic acids are excitatory 
transmitters. When these amino-acid ions were applied to the one inter- 
neurone, the intervals preceding the cessation of cell responses after the 
termination of the iontophoretic currents were virtually identical in each 
case, as indeed were the intervals found for both dextro- and laevo- 
forms of glutamate and aspartate ions (Curtis & Watkins, 1960). This 
suggests that enzymic removal of the applied acids were not a significant 
factor in determining the duration of these intervals, and since it is reason- 
able to consider that specific enzymes occur near excitatory synapses for 


the destruction of synaptically released transmitters, it follows that 


probably none of these amino acids plays a part as excitatory transmitter 
substance in the mammalian spinal cord. 
Whatever the mechanism by which the acidic amino-acid ions produce 
a membrane depolarization, this change in potential must be accompanied 
by an increase in the membrane conductance. Both the degree of mem- 
brane depolarization and the proportion of the surface area of the cell 
involved in the conductance change would be determined by the distribu- 
tion and concentration of the amino acid around the cell. Spike potentials 
would be initiated if and when the depolarization was sufficient to reach 
the threshold of the initial segment region. However, the propagation of . 
| 43-2 
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the spike into the soma and dendrites of the cell might be modified or 
blocked by the depolarization of these regions. The physical size of moto- 
neurones together with the possible considerable distance (up to 50,) 
_ of the electrode applying the excitant to the membrane would be factors 
precluding the attainment of sufficient depolarization to fire these par- 
ticular cells. When interneurones and Renshaw cells were surrounded by 
a substance capable of producing a membrane depolarization, the action 
could be detected only if and when this depolarization exceeded the 
spike threshold, for the method of extracellular recording permitted de- 
tection only of spike potentials. When spikes are generated, these cells 
would respond repetitively with a frequency determined both by the con- 
centration of the active agent and by the duration of the recovery processes 
following the spike. Both interneurones and Renshaw cells respond re- 
petitively to synaptic stimulation with frequencies as high as 1000- 
1200/sec, but these cells were rarely driven at frequencies beyond 600/sec 
either by the acidic amino acids or, in the case of Renshaw cells, by acetyl- 
choline (Curtis & R. M. Eccles, 1958a). This suggests that the normal 
duration of the recovery process following spikes is not a factor limiting 
the rate at which these cells can be fired by iontophoretically applied 
agents, but it is possible that the recovery processes themselves are modi- 
fied by the agents, thereby limiting the attainable frequencies. 

When large currents were used to apply these amino-acid ions there was 
eventually an alteration in the shape of both the chemically and synaptic- 
ally evoked spikes. The observation that the negative-positive extracellular 
spikes were either reduced in size or rendered predominantly positive 
before being abolished presumably indicates that areas of the cellular 
membrane became incapable of producing spike potentials. When a spike 
potential propagates over a cell membrane, a nearby electrode records a 
negative potential which is generated by current flowing in the extracellular 
medium from the inactive towards the active membrane (cf. Brooks & 
Eccles, 1947). If the spike also propagates down the axon of the cell this 
negativity is followed by a positive potential. Consequently, the area of 
the membrane observed by the electrode is initially a ‘sink’ for current 
and then a ‘source’. This negative-positive potential sequence was almost 
invariably observed when interneurones were fired synaptically (Figs. 16, 
3A) and at low frequencies by the excitant amino-acid ions (Figs. z; 2). 
However the electrophoretic application of the excitant amino-acid ions 
will cause a selective depolarization of the nearby regions of the neuronal 
membrane and consequently a partial or complete inactivation of those 
processes responsible for the initial phases of the spike potential (cf. 
Hodgkin, 1958). Hence the negative phase of the spike potential recorded 
extracellularly by another barrel of the multibarrel electrode assembly 
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would be depressed, and, if the depolarization was of sufficient intensity, 
the spike in this region would be abolished. In this instance the extra- 
eellularly recorded spike potential will exhibit only the later positive com- 
ponent, as in Fig. 2/7. The local depolarizing action of the applied amino- 
acid jons would also depress excitatory synaptic potentials and even 
reverse the direction of the focal synaptic potential (negative to positive) 
recorded in close proximity to the site of application. If the whole of the 
cell membrane was sufficiently depolarized by the applied ions, a condition 
would be reached in which the inactivation was extensive enough to 
prevent the generation of spikes, both by the applied ions and by synaptic 
stimulation (cf. Fig. 27). 

The depressant action of the excitant amino-acid ions on spike potentials 
and synaptic potentials accounts satisfactorily for the comparatively 
slow abolition and even reversal of negative field potentials generated 
by the activity of groups of cells. This type of response was also observed 
when the depressant amino acids were applied under similar cicumstances 
(Curtis et al. 19596), but in those instances the effect was more rapid. 
It is probable that the depressant action of acids such as f-alanine 
and GABA occurs because these substances render neuronal membranes 
more permeable to certain ions without producing an alteration in 
membrane potential (Curtis et al. 1959b). The action of the excitant 
amino-acid ions, on the other hand, is associated with a depolarization 
which leads initially to the production of spike potentials, but when 
observing the activity of groups of cells the excitation was but rarely | 
seen, presumably because the asynchronous spike potentials of many 
cells tend to cancel each other. In addition to this excitatory action, 
the acidic amino-acid ions render the affected areas of neuronal membrane 
incapable of supporting a spike potential. When either type of amino acid 
is applied from an electrode into a whole population of neurones, two 
factors may be expected to influence the field potential evoked by synaptic 
or antidromic activation. First; neuronal membrane adjacent to the 
applying and recording electrodes may become inactive whilst other areas 
on the same cells remain capable of supporting a spike. Secondly, an 
increasing number of cells will become totally inactivated. Both these 
factors would reduce extracellularly recorded negative potentials pro- 
duced by the flow of current through the extracellular medium. In 
addition, the former factor will involve the conversion of areas of mem- — 
brane from sinks to sources of current, flowing to activatéd membrane 
elsewhere on the cells, and would thus account for the actual reversal of 
field potentials from negative to positive. 


Another explanation of the eventual depressant action of these excitant amino-acid ions 
can be based upon the replacement of their depolarizing effect by another action either 
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previously masked or having a slower rate of onset. It may be envisaged, for example, that 
the membrane becomes inexcitable to both synaptic and chemical excitation bya process 
of desensitization (cf. Katz & Thesleff, 1957; Axelsson & Thesleff, 1958). Alternatively, as the 
corresponding neutral amino acids, GABA, f-alanine and taurine, depress spinal neurones 
and are capable of preventing the excitatory action of glutamate, aspartate and cystoate 
ions, it is possible that the post-synaptic membrane could become unresponsive to the 
excitants owing to the enzymic a-decarboxylation of these latter substances to the respec- 
tive depressant amino acids. This, however, is unlikely for several reasons. First, the en- 
zymic decarboxylation of all three acids and of the p- and t-forms of each, since these are 
equally active (Curtis & Watkins, 1960), would of necessity have to proceed at the same rate, 
which seems improbable. Secondly, iontophoretically applied enzyme inhibitors with 
actions upon glutamic decarboxylase had no effect upon the rate with which depression 
- followed excitation. Finally, the observation that continued application of the excitant 
amino-acid ions to motoneurones produces a depolarization, which can be maintained, not 
only suggests that conversion of the excitant to a depressant (which does not depolarize) 
does not occur, but also renders extremely unlikely the desensitization of the neuronal 
membrane to the applied agent. It must be assumed that the maintained depolarization 
shown with motoneurones occurs also with interneurones and Renshaw cells and that the 
alterations in spike shape, together with the eventual abolition of spike response, is indi- 
cative of a progressive diminution of the area of neuronal membrane producing a spike. 


The rapid recovery of interneurones and Renshaw cells after the applica- 
tion of excitant amino-acid ions is most probably due not only to the dif- 
fusional removal of these ions but also to the relative instability of the 
receptor—drug complex which results in depolarization. The observation 
that the recovery time after the depolarizing action of a variety of sub- 
stances, including D- and L-aspartate, D- and L-glutamate, L-cysteate, 


B-aminoglutarate and (Curtis & Watkins, 1960), 


is very similar to that occurring after the depressant action of related 
monocarboxylic, or sulphonic amino acids, renders unlikely their removal 
by enzymic means. Further, similar recovery times follow the excitant 
action of calcium chelating agents (cf. Curtis et al. 1960). Studies with 
enzyme inhibitors failed to detect any action upon either amino-acid or 
synaptically evoked discharges of interneurones. Indeed the failure of a 
range of inhibitors to potentiate the synaptic responses of these cells may 
indicate that the released transmitter is not one of these excitant amino 
acids. In this respect, however, several factors must be taken into con- 
sideration. In the first place the enzyme responsible for destruction of the 
released transmitter may not be sensitive to the inhibitors chosen, these 
having been selected because of their actions upon the known metabolic 
pathways of the amino acids. Secondly, synaptic transmitter agents may 
be released within diffusional barriers (cf. Eccles et al. 1956; Curtis & 
R. M. Eccles, 19585) which can exclude iontophoretically applied enzyme 
inhibitors. This has been observed at, Renshaw cells where decamethonium 


(Cio); although an effective anticholinesterase with respect to iontopho- | 
retically applied acetylcholine, has no such action upon the acetylcholine — 
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released synaptically (Curtis & R. M. Eccles, 19586). Finally, it is im- 
portant to realize that the relative potency of these inhibitors is low when 
the activity is compared with that of an anticholinesterase such as pro- 
stigmine. This latter agent, which is very effective when applied ionto- 
phoretically near Renshaw cells, is a powerful inhibitor of cholinesterase 
in concentrations of 10-*-10-’m (Augustinsson, 1950). In contrast, most 
of the inhibitors used in this present investigation require concentrations 
of 10-*-10-*m (see refs. Table 2). It is possible to calculate that under 
steady-state conditions of iontophoretic application, with currents of up 
to 500 nA, concentrations such as would be necessary are probably obtained 
(Curtis et al. 1960), but the possibility exists that the absence of observable 
action of these enzyme inhibitors might indeed be due to a failure to reach 
a satisfactory concentration. | 

It remains to correlate these observations of the action of glutamate, 
aspartate and cysteate ions with the reports of other investigators. 
The higher concentration of glutamic acid in nervous tissue lends impor- 
tance to this substance, but does not necessarily indicate that its function 
as a transmitter agent is more likely than that of the other acids. Hayashi 
(1952) was able to produce convulsions in dogs by injecting sodium 
glutamate into the grey matter of the cerebral cortex, and these effects 
were probably due to a direct depolarizing action upon neurones. The 
observations of Purpura, Girado, Smith, Callan & Grundfest (1959) 
concerning the actions of aspartic and glutamic acids upon the extracel- 
lularly recorded potentials in the cerebral and cerebellar cortex are also 
in accordance with the present results, as illustrated in Fig.4A—D. Similar 
considerations apply to the observations of Van Harreveld (1959) concern- 
ing the initiation of spreading depression in the rabbit cortex by L-gluta- 
mic and some related dicarboxylic amino acids. Because the concentra- 
tions of the substances producing this effect were less than the over-all 
concentration of glutamic acid in the tissue, it was concluded that these 
compounds were effective by reason of their presence in the extracellular 
fluid around neurones and that the endogenous acids must be mostly 
intracellular. The present report of the action of glutamate ion on spinal 
neurones lends support to the postulate that spreading depression could 
result from the action of this acid upon cortical neurones. Further, 
Van Harreveld demonstrated that glutamic acid activated crustacean 
muscle, although the experimental method did not discriminate between an 
action at the neuromuscular junction and one on the muscle fibre directly. 

The iontophoretic method of application used in these present experi- 
ments does not permit an accurate determination of the local concentra- 
tions which are obtained (cf. del Castillo & Katz, 1955). However, by 
assuming that this acid has a diffusion coefficient of a similar magnitude 
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to that of acetylcholine, it can be calculated that when currents of 100 nA 
are used, it. is improbable that the steady-state concentration is as high 
as 10-2M, apart from that in the region within 10, of the tip of the electrode 
(cf. Curtis et al. 1960). The distance from the electrode tip to the cell 
upon which the action of the acid is being determined is always unknown, 
but it was often possible to move the electrode by as much as 50 without 
altering appreciably the response of a single cell to the applied amino acid. 
Moreover, in the absence of iontophoretic currents cells responded to 
glutamate ion which merely diffused from the electrode. It has recently 
been demonstrated that neurones of the isolated, bisected spinal cord of 
the frog were excited by any of the excitant amino acids at concentrations 
of 10-*-10-%m, when these substances were added to the solution bathing 
the tissue (J. Kiraly & J. W. Phillis, unpublished observations). It can be 
concluded therefore that the spinal interneurones of the cat were fired by 
extracellular concentrations of glutamate ion lower than 10-*m. Since the 
over-all concentration of free glutamic acid in the central nervous system 
of the cat is approximately 10-?m (Strecker, 1957), this conclusion renders 
extremely improbable the uniform distribution of this acid within the 
intra- and extracellular spaces. The maintenance of the resting potential 
of neurones, dependent upon a differential distribution of ions, necessitates 
a large amount of intracellular organic anion (Hodgkin, 1958). For this 


reason, as well as the obvious one related to their actions when applied ~~ 


extracellularly, it is probable that a major proportion of these amino acids, 
the anions of which excite cells, is located intracellularly. 

The demonstration that several acidic amino acids, naturally occurring 
in brain, can stimulate cells leads to a discussion of convulsive states, 
particularly as one of the biochemical disorders associated with epilepto- 
genic foci of cortical tissue has been shown to be concerned with glutamic 
acid. Tower (1955, 1956) has discussed in detail the observed difference 
in the metabolic reactions of normal cortical slices and those of epilepto- 
genic cerebral foci. It is at present impossible to determine whether any of 
these differences cause or are merely a result of the seizure state. It may be 
pointed out, however, that a defect in the system maintaining low extra- 
cellular concentrations of these substances could well be the direct cause of 
this aberrant excitation of cells. The observed diminution in the total 
glutamic acid of the slice cannot be taken as an objection to such an 
hypothesis, since this would be accounted for by the increased consumpiion 
of glutamic acid as a substrate during the disordered activity. Further, 
it has been suggested that the convulsive activity of certain hydrazides 
and of deficiency of vitamin B, is linked with the depression of brain gluta- 
mic decarboxylase activity (Jenney & Pfeiffer, 1958; Killam, 1957; 
Killam & Bain, 1957). The associated fall in the level of brain gamma- 
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amino-n-butyric acid has led to the suggestion that this substance has a 
function in regulating the activity of neural tissue, although Elliott 
(1958) has pointed out that the pyridoxine-dependent co-enzymes which 
are inhibited by hydrazides are also concerned in many other reactions. 
The non-alteration of the brain glutamate level has been taken to indjcate 
the relative unimportance of this compound in sucheffects. However, when 
considering the possible action of these amino acids upon neurones, it is 
necessary to recognize that it is not their total brain level, but their 
extracellular concentration which determines whether or not the neurones 
will be affected. If inhibition of glutamic decarboxylase resulted in an 
increase of both intracellular and extracellular glutamate, the latter could 
produce convulsive activity by a direct action upon neurones, both gluta- 
mate and gamma-amino-n-butyric acid being then consumed as substrates 
for respiration during this increased activity (Tower, 1956; McKahnn & 
Tower, 1959). The total brain glutamate concentration might thereby be 
maintained at a relatively constant value, whereas the GABA level falls 
not only because of the inhibition of its production from glutamate © 
but also because of its consumption during the increased respiration. 
The results of an earlier investigation (Curtis et al. 1959b) make it 
extremely unlikely that GABA has any role as a regulator of neuronal 
activity, for its depressant action has been shown to be non-specific. 
“Accordingly, it is suggested that a more rational explanation of hydrazide 
convulsions lies in an increased extracellular excitant amino-acid 
concentration. 

It has been possible to account for the convulsant action of both 
strychnine and tetanus toxin by the specific blocking action of these agents 
upon inhibitory synaptic transmission (Bradley, Easton & Eccles, 1953; 
Brooks, Curtis & Eccles, 1957). However, some convulsants have no such 
effect upon inhibition (Eccles, 1957; Curtis, 1959) and the action of these 
substances may be connected with disturbances of extracellular amino- 
acid concentrations, due to the inhibition of enzymes responsible for the 
maintenance of normal levels. It is pertinent in this respect that metrazol 
specifically sensitizes the cerebral cortex of the rabbit to the production 
of spreading depression by either glutamic or aspartic acids, a finding which 
led Van Harreveld (1959) to similar conclusions. 


SUMMARY 


1. Aspartate, glutamate and cysteate ions have been applied ionto- 
Phoretically to the external surface membrane of neurones within the 
spinal cord of cats lightly anaesthetized with pentobarbital sodium. 

2. These ions excite interneurones, Renshaw cells and motoneurones 
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by producing a membrane depolarization which, if of sufficient magnitude, 
initiates a spike potential. 

3. It is considered that this action is non-specific and scialated to 
excitatory synaptic transmitter action. 

4. The findings are discussed in relation to the presence of these sub- 
stances in the nervous system and to their role in convulsive disorders. 


, The dihydro- B-erythroidine used in this study was kindly provided by Dr K. Folkers of 
Merck and Co., Ine. 
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THE EFFECTS OF HYDROCORTISONE ON THE LEVEL OF 
- CORTICOTROPHIN IN THE BLOOD AND PITUITARY 
GLANDS OF ADRENALECTOMIZED AND OF 
STRESSED ADRENALECTOMIZED RATS 
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From the Department of Pharmacology, Royal Free — 
Hospital School of Medicine, London, W.C. 1 


(Received 5 October 1959) 


_ The secretion of adrenocorticotrophin (corticotrophin, ACTH) appears 
to be controlled in several ways. The theory that its release from the adeno- 
hypophysis is regulated by the circulating level of corticoids was advanced 
by Sayers & Sayers (1947). These authors found that, in rats, the adreno- 
cortical changes normally caused by stress could be prevented by previous 
treatment with corticoids. Several years previously Ingle, Higgins & 


Kendall (1938) showed that atrophy of the adrenal cortex followed the 


prolonged administration of adrenocortical extracts. Sayers & Sayers 
(1947) suggested that stress causes an increased utilization of corticoids 
by the peripheral tissues and the resulting low blood level of these hormones 
acts as a stimulus to the pituitary gland to increase its output of adreno- 
corticotrophin. Convincing evidence for the validity of such a ‘peripheral 
humoral’ theory came from demonstrations that animals with adreno- — 
cortical insufficiency exhibit high circulating levels of corticotrophin 
(Taylor, Albert & Sprague, 1949; Gemzell, Van Dyke, Tobias & Evans, 
1951; Sydnor & Sayers, 1952). | 

However, many experimental results are difficult to reconcile with the 
existence of such a mechanism. The findings of Sayers & Sayers (1947) 
have been only partially confirmed. Some workers have found that the 
stress-induced secretion of ACTH can be prevented only by massive doses 
of corticoids (Hodges, 1953, 1954; Abelson & Baron, 1952) and others have 
failed to show any ability of these steroids to suppress ACTH release 
(Moya & Selye, 1948; Hall, Finerty, Hall & Hess, 1951; Fortier, Yrarra- 
zaval & Selye, 1951). A further demonstration that the secretion of ACTH 
is not necessarily controlled by changes in the level of corticoids in the 
blood was provided by Sydnor & Sayers (1954) when they found that 


adrenalectomized animals are still capable of secreting adrenocortico- 


trophic hormone in response to stress. In fact, the release of ACTH from 
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the pituitary gland occurs more readily in the adrenalectomized than in 
the intact animal (Hodges & Vernikos, 1959). 

Thus it appears that the importance of a peripheral humoral mechanism 
controlling the secretion of ACTH is not as great as was originally thought. 
In this paper are described the results of some experiments in which investi- 
gations were made of the effect of hydrocortisone on the levels of cortico- 
trophin in the blood and pituitary glands of adrenalectomized and stressed 
adrenalectomized rats. The experiments were done in an attempt to pro- 
vide further information concerning the role of corticoids in the —_— 
of pituitary adrenocorticotrophic activity. 


METHODS 


The experiments were performed on approximately 800 albino Wistar rats obtained from 
the Agricultural Research Council, Compton, Newbury. The animals were kept in a room, 
where the experiments were performed, at a constant temperature of 22°C for at least 
1 week before being used. They were fed on a diet of cubes (diet 41, Lane-Petter & Dyer, 
1952) and water. 

Hydrocortisone was injected subcutaneously as suspension of 17-hydroxycorti 
(Efcortelan, Glaxo) and intravenously as solution of hydrocortisone sodium succinate 
(Efcortelan soluble, Glaxo) in normal saline. The suspensions were made to contain 1, 5 and 
15 mg hydrocortisone/ml. and the solutions to contain the equivalent of 2 or 8 mg hydro- 
cortisone/ml. In acute experiments all hydrocortisone injections were made in volumes of 
0-5 ml./100 g and in long-term experiments 0-1 ml./100 g body weight. 

Bilateral adrenalectomy was performed under ether anaesthesia and the adrenalectomized 
rats were maintained on the normal diet with 0-9% sodium chloride solution in place of 
drinking water. 

In all the experiments stress consisted of 20S: the animals to ether vapour until they 
were deeply anaesthetized. | 

Blood samples were collected and their adrenocorticotrophic activity was estimated as 
described by Hodges & Vernikos (1959). 

Pituitary glands were removed as rapidly as possible from decapitated female animals by 
the technique of Rochefort & Saffran (1957). The excised pituitaries were weighed immedi- 
ately and transferred to tubes containing (per pituitary) 0-5 ml. n/10 hydrochloric acid. 
The glands were ground well with the aid of a glass rod and a little sand. At least six pitui- 
taries were pooled and extracted thus for every determination. The extracts were stored in 
the refrigerator for 24 hr. They were diluted with normal saline immediately before injection 
into the assay animals and assayed for corticotrophin content on hydrocortisone-treated 
male rats, as described by Cox, Hodges & Vernikos (1958). A lyophilized preparation of 

_ACTH (Armour) dissolved in normal saline was used as the standard. A conventional 2+ 2 
assay design was employed and the results and their fiducial limits (P = 0-95) were calcu- 
lated by standard methods. The results were expressed as m-u. siti ie ceed gland and 
m-u. ACTH/mg pituitary tissue. 


RESULTS 
The effect of hydrocortisone on the blood level of corticotrophin in 
adrenalectomized rats, which had been anaesthetized with ether 2} min 
previously, is shown in Fig. 1. Hydrocortisone hemisuccinate equivalent 
to 4 mg hydrocortisone/100 g body weight, or normal saline, was injected 
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in | into the exposed femoral vein and the rats were decapitated 5, 10 or 
20min after the application of stress. The blood of the non-stressed 
m } adrenalectomized rat, from which the adrenal glands had been removed 
t. 5 days previously, produced no adrenal ascorbic-acid depletion in the 
i- ] assay animals, i.e. it possessed no detectable adrenocorticotrophic activity. 
Ether injection 
n 
100 
m 
n, bo 
st 
r, 
1e 
of 
f 
LS. 
0 2! 5 10 20 
i- Time after ether (min) 
. Fig. 1. Adrenal ascorbic acid depletions in assay rats after injections of blood 
a collected from rats, adrenalectomized 5 days previously, at various times after 
a stress (ether, first arrow). 2} min after stress normal saline (O—O) or hydro- 
n cortisone 4 mg/100 g ( x — x ) was injected intravenously (second arrow). Vertical 
: lines indicate stendard errors. 
) 
3 Exposure to ether vapour caused a marked rise in circulating corticotrophin 
‘ concentration to a readily detectable level. After the intravenous adminis- 
tration of normal saline this high level of circulating corticotrophin 
persisted for a few minutes and then gradually declined, as previously 
described by Hodges & Vernikos (1959). However, the intravenous 
, injection of hydrocortisone caused a marked increase in the rate at which 
’ adrenocorticotrophic hormone disappeared from the blood. The activity 
t fell to the pre-stress non-detectable level within 20 min. 
i Figure 2 shows'the results of a similar experiment done on rats which had 
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been adrenalectomized 30 days previously. The blood of these animals, 
before subjection to stress, possessed considerable adrenocorticotrophic 
activity. This was raised further by exposure to ether. Normal saline, 
administered intravenously, did not alter the pattern of the usual fall in 
circulating corticotrophin to the pre-stress level. Hydrocorticone rapidly 
reduced the adrenocorticotrophic activity of the blood but only to the pre- 
stress level. The effect of 4 mg hydrocortisone/100 g was similar to, sea more 
marked than, that of 1 mg of the steroid. 


Ether _1.V. injection 


100 F 


50 


_ Ascorbic acid depletion (mg/100 g adrenal tissue) 


0 23 S 10 20 40 80 
Time after ether (min) | 


~ Fig. 2. Adrenal ascorbic acid depletions in assay rats after injections of blood 
collected from rats, adrenalectomized 30 days previously, at various times after 
stress (ether). 2} min after stress normal saline (O—O) or hydrocortisone 
(4 mg/100 g, x — x ; 1 mg/100 g, A—A) was injected intravenously. Each point 
represents the mean result obtained by injecting blood from 9 to 12 stressed animals 
into groups of 6 assay rats. The vertical lines indicate standard errors. 


Figure 3 illustrates the results of an experiment in which the effect was 
studied of previous treatment with hydrocortisone on the level of cortico- 
_ trophin in the blood of adrenalectomized rats before and after exposure to 
ether vapour. The animals were given subcutaneous injections of hydro- 
cortisone (7-5 mg/100 g) or saline 4 hr before, and decapitated 2} min after 
the stress, The saline-treated control animals, which had been adrenal- 
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SS scnized 5 days previously, possessed no detectable level of circulating 
ACTH, in contrast to control rats adrenalectomized 30 days previously 
which exhibited high levels. Exposure to ether caused marked increases 
in the concentration of adrenocorticotrophic hormone in the blood of 
both groups of controls. Previous treatment with hydrocortisone prevented 
completely the stress-induced rise in circulating hormone but did not ater 
the resting level of corticotrophin in the blood. 


150 r- 


Ascorbic acid depletion (mg/100 g adrenal tissue) 


Saline Hydrocortisone Saline Hydrocortisone 


Adrenalectomized 5 days ‘Adrenalectomized 30 days 


Fig. 3. Adrenal ascorbic acid depletions in assay rats after injections of blood from 
rats adrenalectomized 5 and 30 days previously. Donor rats were given sub- 
cutaneous injections of normal saline or hydrocortisone (7-5 mg/100 g) 4 hr before 
stress and the blood samples were collected before (non-stressed, []), or 24 min 
after, exposure to ether (stressed, ™). Each column represents the mean result 
obtained by injecting pooled blood from 9 to 12 donor animals into groups of 6 
assay rats. The horizontal lines above the columns indicate the standard errors. 


Pituitary glands were obtained from intact rats, from animals 5, 10, 20, 
30 and 50 days after adrenalectomy, and from rats adrenalectomized 
30 days previously and given subcutaneous injections of hydrocortisone 
every day after the operation. After adrenalectomy the concentration 


of adrenocorticotrophic hormone in the pituitary gland fell slightly but 
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subsequently increased markedly. Thirty to fifty days after the operation 
the pituitary ACTH content was about 2} times the control level. The rise in 
pituitary corticotrophin content was completely prevented by daily treat- 
ment of adrenalectomized animals with 0-1 or 0-5 mg hydrocortisone. 
These results are shown in Table 1. 


TABLE 1. Concentrations of adre rticotrophi Sicemncian | in the preety glands of normal 
intact, adrenalectomized and adrenalectomized-hydrocortisone-treated rats. Fiducial 
limits (P = 0-95) given in parentheses 7 


Mean concentration 


pituitary No. 
No. Meanrat weight of m-u. /pitui- m-u./mg | 
Experimental of weight (g) (fresh) assay tary gland pituitary % of 
condition rats +8.E. (mg)+s.E. rats (and range) tissue control 
Normal, intact 6 167+4 8-3+ 0-6 12 
(controls) 
6 140+3 7140-4 12 84 12: 
(50-142) 
Adrenalectomized 6 145+2 8-1+0-6 if. 11 83 
5 days (53-207) 7 
10 days 6 147+4 8-6+0°3 10 128 14-9 120 
(97-170) 
20 days 6 154+4 8: £08 12 220 25-6 205 
(154-314) 
30 days 6 169+6 9% 340-4 12 288 ~ 30-1 266 
(190-436) 
50 days 5 186+7 9-5+0-6 12‘ 280 30 259 
Adrenalectomized — 6 155+3 7-6+0-2 12 110 14-5 103 
30 days + 0-1 mg (75-161) 
hydrocortisone 8.c. 140+7 8:1+0-5 12 92 11-3 86 
per day : 
Adrenalectomized 6 124+5 7340-5 12 92 12-6 86 
30 days+0-5 mg (54-154) 
hydrocortisone s.c. 
per day 


Figure 4 summarizes the results of experiments in which the blood 
corticotrophic activity was estimated before and after stress in hydro- 
cortisone-treated and untreated rats 30 days after adrenalectomy. The 
untreated animals developed a high circulating ACTH level which was 


almost completely prevented the development of this high circulating 
ACTH level. However, the rise in blood corticotrophin which occurred in 
the adrenalectomized animal after stress was not influenced by the smaller 
dose and only partially prevented by the larger dose of the steroid. 


DISCUSSION 
The facts that the adrenocorticotrophic activity of the pituitary gland 


can be suppressed by a high blood level of corticoids and that animals with 
adrenocortical insufficiency exhibit high levels of circulating cortico- 


raised further by stress; hydrocortisone in daily doses of 0-1 or 0-5 mg — 
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trophin provide the strongest arguments for the existence of a peripheral 
humoral mechanism controlling the secretion of adrenocorticotrophic 
hormone. However, the arguments become less convincing when the high 
dosage of corticoids necessary to suppress the pituitary gland, and the long 
delay in the development of increased blood corticotrophin levels after 
adrenalectomy, are taken into consideration. Certainly, the precise func- 
tion of corticoids in regulating pituitary adrenocorticotrophic activity is 
still not established. The present series of experiments appears to provide 
further information concerning their possible role. 


200 


Ascorbic acid depletion (mg/100 g adrenal tissue) 


0-1 mil. saline 0-1 mg hydro- 0-5 mg hydro- 
daily cortisone daily cortisone daily 


Intact Adrenalectomized 30 days 


Fig. 4. Adrenal ascorbic-acid depletions in assay rats after injections of blood from 
stressed- (™) and non-stressed ([)) rats, adrenalectomized 30 days previously, and 
given daily subcutaneous injections of normal saline or hydrocortisone. Con- 
ventions as in Fig. 3. 


Previous work done in this laboratory showed that the adrenalecto- 
mized rat did not develop an elevated, fairly constant and easily detect- 
able concentration of circulating adrenocorticotrophin until 3-5 weeks 
after adrenalectomy (Cox et al. 1958). This high concentration of the 
hormone in the blood could be raised even further by stress (Hodges & 
Vernikos, 1959). The present findings indicate that the administration of a 
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single large dose of hydrocortisone to adrenalectomized rats does not affect 
the resting level of ACTH in the blood but completely prevents the stress- 
induced rise in circulating hormone. Thus the high blood level of ACTH 
which occurs 20-30 days after adrenalectomy could not be reduced by 
hydrocortisone but the further rise normally caused by stress could be 
completely prevented. Similarly, intravenous administration of hydro- 
cortisone, at the time when the maximum blood level of corticotrophin is 
attained after stress, rapidly reduces the circulating hormone concen- 
tration but again only to the pre-stress level. These observations suggest that 
hydrocortisone does not interfere with the release of corticotrophin by 
acting directly on the pituitary gland. However, it can prevent the 
increased pituitary adrenocorticotrophic activity caused by stress. It may 
act by interfering with the secretion of corticotrophin releasing factor as 
has been suggested by McCann, Fruit & Fulford (1958). This action of 
hydrocortisone is produced only with large doses of the steroid and is 
probably not of physiological significance. 

The increase in pituitary corticotrophin content which occurs after 
adrenalectomy has been demonstrated previously (Sydnor & Sayers, 1954; 
Fortier, 1959). It can be prevented by daily treatment of adrenalectomized 
animals with doses of hydrocortisone which are far too small to influence 


the release of corticotrophin in response to stress. The fact that this effect _ 


can be produced by such small doses of hydrocortisone suggests that the 
corticosteroids are concerned with the control of the rate at which adreno- 
corticotrophin is synthesized and stored in the pituitary gland rather than 
with the release of the hormone. Recently Fortier & de Groot (1959) also 
came to the conclusion that the regulating effect of corticosteroids is 
predominantly on corticotrophin synthesis. They based their conclusion on 
the results of experiments in which they correlated the changes in pituitary 
corticotrophin level with those in plasma corticosteroid concentration in 
rats with one adrenal removed and the other enucleated. The pituitary 
ACTH content was elevated markedly during the period of adrenal in- 
sufficiency, but then declined as the cortical tissue of the enucleated adrenal 
gland regenerated and the corticosteroid level in the blood increased. ‘Their 
observations are consistent with those of Farrell & Laqueur (1955). who 
demonstrated a fall in pituitary corticotrophin content in dogs given large 
daily doses of cortisone. 

Dosing adrenalectomized rats with only 0-1 mg hydrocortisone per day 
was sufficient to prevent the increase in pituitary corticotrophin content. 
This dose was considered to be near the physiological maintenance dose 
since the treated adrenalectomized animals, in ¢ontrast to untreated 
animals and those which received larger daily amounts of the steroid, 
continued to grow well and were in excellent condition. However, when 
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subjected to stress at the end of the experimental period they exhibited a 
marked increase in the level of circulating corticotrophin. In this respect 
they resembled rats from which the adrenals had been removed a few days 
previously, and not normal intact animals (Hodges & Vernikos, 1959). 
Thus adrenalectomy appears to result in increased excitability of the 
adenohypophysis, which is not reversed by treatment with maintenance 
doses of hydrocortisone. It is difficult to explain this observation but it is 
interesting to note, in this connexion, that McCann et al. (1958) suggested 
that corticoids partially influence the release of ACTH by depressing the 
excitability of the adenohypophysis. Our results appear to indicate that 
the increased excitability of the adenohypophysis of the adrenalectomized 
rat is not due to corticoid deficiency. | 

The time relationships of the changes in blood corticotrophin concen- 
tration which occur after adrenalectomy have been described in previous 
papers from this laboratory (Cox et al. 1958; Hodges & Vernikos, 1959). 
There is a fairly close relationship between the rates at which the pituitary 
level and the blood concentration of ACTH increase after the operation. 
Cox et al. (1958) suggested that the delay in the development of high levels 
of circulating ACTH was due to the slow rate at which the pituitary gland 
could adapt itself to secrete and maintain an enormously increased output 
of ACTH in response to the complete absence of circulating corticoids. 


_ Amore satisfactory explanation is that the low plasma corticoid level 


results in increased synthesis of ACTH in the pituitary gland and that the — 
rise in circulating ACTH is due to hormone ‘spill over’ from the increased 


pituitary stores. 


The release of ACTH from the adenohypophysis can be suppressed, but 
only by very high, non-physiological, blood levels of corticoids. High 
levels of circulating adrenocorticotrophic hormone do occur in animals 
exhibiting adrenocortical insufficiency but only after the pituitary stores 
of the hormone have increased considerably. Therefore it is unlikely that 
the secretion of ACTH is controlled by alterations in the blood corticoid 
level. There can be no doubt, however, that corticoids play some part in 
regulating the adrenocorticotrophic activity of the anterior lobe. The 


/ Tesults of the experiments described in this paper add further support to 
Fortier’s suggestion that their action is predominantly on the synthesis of 


corticotrophin. 
SUMMARY 
1. Corticotrophin was not detectable in the blood of rats, which had 


been adrenalectomized 5 days previously, before exposure to ether (stress), 


but was readily detectable 2} min afterwards. Thirty days after adrenal- 
ectomy rats exhibited a high resting blood corticotrophin level which was 
raised even further by stress. 
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2. Hydrocortisone, administered intravenously in large doses to 
adrenalectomized rats 2} min after stress, rapidly reduced the resulting 
high concentration of circulating corticotrophin, but only to the pre- 
existing level. 

_ 8. Previous treatment of adrenalectomized rats with large doses of 
hydrocortisone did not affect the resting blood level of corticotrophin but 
prevented the stress-induced rise in circulating hormone. 

4. Adrenalectomy resulted in a slight fall and then a marked rise in 
pituitary corticotrophin content. This rise was prevented by daily treat- 
ment with small doses of hydrocortisone. 

5. Similar doses of hydrocortisone almost completely prevented the rise 
in circulating corticotrophin which occurred after adrenalectomy, but did 
not prevent the development of markedly elevated blood levels of the 
hormone in response to stress. 3 

6. The results add further support to the hypothesis that the action of 
corticoids in controlling pituitary adrenocorticotrophic — is mainly 
on corticotrophin synthesis. 


The expense involved in the work was defrayed by a grant from the Medical Research 
Council. The investigation was performed during the tenure by one of us (J. V.) of a Smith, 
Kline and French fellowship. 
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A COMPARATIVE STUDY OF FOUR MEANS OF EXPRESSING 
| THE METABOLIC RATE OF RATS 


By C. C. CHIU anp A. C. L. HSIEH 
From the Department of Physiology, University of Hong Kong 


(Received 5 October 1959) 


The oxygen consumption of rats is frequently used as an indication of 
heat production. Before we can draw conclusions regarding the effects of 
any procedure on the heat production of the animals it is necessary to 
eliminate differences arising from age, sex and weight. By using the 
animals as their own controls or by using control groups of the same age 
and sex differences due to these factors are removed. The procedure to be 
tested may, however, lead to changes in weight or in growth rate of the 
test animals. These changes may be sufficient to result in differences in 
weights of the test and control groups. Hence it is not often possible to 
follow the advice of Benedict (1938) to compare the metabolism of animals 


having the same weight. The usual practice has heen to refer the absolute - 


oxygen consumption to some unit which supposedly corrects for body 
weight or size. While the situation has improved somewhat since Kleiber 
(1944) first expressed alarm, four reference units are still in general use. 
These are: body weight (kg), ‘metabolic size’ (kg#) or (kg?) and surface 
area (m* calculated from body weight). Since there can be only one 
correct way of expressing oxygen consumption and since conclusions often 


depend upon the assumption that the reference unit used is the proper one, — 


it is surprising that no comparative study of the four means of expressing 

heat production has been made. This paper reports the results of such a 

study. | 
METHODS 


Male albino rats were used for all experiments. They were kept in individual metal cages 
and fed on Purina Laboratory Chow and water ad libitum. 

Oxygen consumption was recorded for 1 hr by a closed-circuit method previously de- 
scribed (Hsieh & Chiu, 1959). Six units were used, making possible twelve tests each morning. 
During the tests the air surrounding the animals was maintained at about 25° C. 

In one series of experiments the ages of the rats were ignored, Ninety animals of different 
weights were obtained from the animal house and kept at 28° C for about 5 days. Oxygen 
consumption was determined after this period. This experiment was designed to imitate 
the usual procedure, in which rats of different ages and weights are used. 

To test the effects of age on oxygen consumption and to obtain rats of the same age but 
with different weights the following experiments were performed. Thirty-three rats about 
7 weeks. old were divided into three groups of eleven each. One group (WN) was kept at 
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28° C. The second group (WT') was kept at 28° C and deprived of both food and water one 
day a week. The third group (C) was kept at about 6° C. 

To produce short-term changes in weight a group of six rats was deprived of both food 
and water for 2 days. Another group of six rats was given a single subcutaneous injection 
of 0-5 mg reserpine (Serpasil, Ciba). Rats of these groups were maintained at 28° C. 

Surface area was calculated from body weight (g) by the formula: Surface area (m?) = 
00011 (g***) (Kibler & Brody, 1942). For convenience we have acs surface area in 
units of 0-1 m?. 


RESULTS 


The absolute rates of oxygen consumption of ninety rats are plotted 
against their body weights in Fig. 1. If we assume linear regression, basing 
absolute oxygen consumption on surface area yielded the highest correla- 
tion coefficient (‘Table 1). However, the lite best fitting the results is of the 
type: Y= a+bX+cX* (second degree polynomial), where X represents 
body weight in kg. The correlation coefficient of this line is significantly 
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Fig. 1. Oxygen consumption of ninety rats plotted against their body wslatete: The 
rats were kept at about 28° C and oxygen consumption measured for 1 hr at about 
25° C. 


higher than that of the others. When the oxygen consumption of rats 
weighing over 200 g is expressed in terms of body weight, ‘metabolic size’ 
or surface area there is a significant negative regression with body weight 
(Fig. 2). The average hourly oxygen consumption of the rats weighing 
over 200 g is shown in Table 2. 

The comparative rates of growth of the WN, WT and C rats are shown . 
in Fig. 3. The rats which fasted recovered their weights on the day after 
the fast and then grew at about the same rate as the group which did not 
fast. Thus the W7' group lost about 2 days of growth per week and at 
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the age of 19 weeks, after 11 days of weekly fasting, they weighed the same 
as the WN rats at 15 weeks of age. At 19 weeks the group kept at 6° C 
weighed the same as the WN group at 12 weeks of age. 

The change in metabolic rate with age of the WN group is shown in 
Fig. 4. There was a gradual decrease in metabolic rate with increasing 
age. A statistical analysis of the data indicates, however, that the change 
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Body weight (kg) 
Fig. 2. Regression of metabolic rates, expressed in various units, of forty-six rats. 
To simplify calculations linear regression was assumed. The negative slopes, b, 
are all significant at the 2% level. The dots indicate rates calculated by assuming 
a fixed consumption of 368 ml./hr. Expressing the oxygen consumption of rats 
weighing more than 200g in terms of their body weight, ‘metabolic size’ or 
surface area does not correct for differences in body weight. 


TABLE 1. Regression equations of oxygen consumption of rats on their body weights (kg), 
‘metabolic sizes’ (kg? and kg#) and surface areas (0-1 m*) 


Reference Experimental 


unit range of Regression equation 8.E. of Correlation 

CAT. x Y = QO, consumption (ml./hr) estimate coefficient. 
kg 0-120-0-314 Y = 3341X—5899X?— 92-4 30-8 0-8344 
kg 0-120-0-314 Y = 133+ 972-4X 33-3 0-8001 
kgi 0-204—0-419 Y = 68-4+872-9X 32-8 0-8076 
kg# 0-243-0-462 Y = 36-44 856-8X 32-7 0-8084 

0-1m? Y = 20-1+999-1X 32-6 0-8103 

n= 


Tas ie 2, The oxygen consumption of a group of forty-six rats 
with average weight 236 g (s.p. 25-7 g) 


Hourly rate of ; Coefficient of 
oxygen consumption 8.E. variation (%) 
ml. 4-94 9-2 
1558 ml./kg 27-8 12-1 
1082 ml./kg? 17-4 10-9 
958-3 ml./kg# 15-0 10-6 


1064 ml./0-1 m? 10:4 
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is due to increasing weight and not to age. This fact is evident from 
inspection of Fig. 5. 

The relative rates of increase in body weight and absolute oxygen con- 
sumption of the WN, WT’ and C rats are shown in Fig. 6. To enable com- 
parison these are expressed as percentages, with body weight and oxygen 
consumption at 7 weeks taken as 100%. The relative rates of increase in 
body weight and oxygen consumption are different in the different groups. 
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Fig. 3. The growth rates of rats from 7 to 19 weeks of age. Upper curve, rats 
kept at 28°C (WN). Middle curve, rats kept at 28° C and deprived of food for 
1 day a week beginning with the eighth week (W7'). Lower curve, rats kept at 
6° C (C). Each group consisted of eleven rats. 


The oxygen consumption of the C rats unfortunately was not determined 
between the eighth and thirteenth week. The results for the last 5 weeks 
of the experiment suggest that the absolute oxygen consumption of this 
group may have increased at a more rapid rate than those of the other 
two groups. At 19 weeks of age no significant difference existed in the 
oxygen consumption of the three groups. There was a difference in their 


metabolic rates (Table 3). However, the mean metabolic rates of the 


three groups, adjusted for differences in weight, were not significantly 
different. 

The effects of a two-day-fast and of reserpine on the body weight and 
oxygen consumption are shown in Figs. 7 and 8. On the second day of 
the fast body weights had fallen by about 39 g and oxygen consumption 
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by about 89 ml./hr. These represent reductions of about 18 and 26%, 
respectively. The reduction in metabolic rates depends on the unit used, 
being about 11° when based on body weight and 17° when based on 
surface area. The injection of reserpine was followed by a reduction in 
oxygen consumption which persisted for about 3 days. On the first day 
after the injection of reserpine there were small, but significant, increases 
in metabolic rates. | 
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Fig. 4. Metabolic rates of WN rats, expressed as percentages, plotted against their 
ages in weeks. The metabolic rate at 7 weeks was taken as 100.%. O, rate in ml./ 
kg.hr; @, rate in ml./kg?. hr; ©, rate in ml./kg#.hr; ©, rate in ml./0-1 m*.hr. 


DISCUSSION 


The term ‘metabolic rate’ is poorly defined. Kleiber (1956) uses it to 
mean either the absolute rate of heat production or the rate of heat 
production per unit of body size. We feel that a distinction between these 
two meanings is necessary. In experiments on fasting rats, Rixon & 
Stevenson (1957) observed that metabolic rate based on absolute weight 
showed better correlation to weight loss during fasting than when based 
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on kg? units or on surface area. However, the linear regression of pre- 
starvation metabolic rate on the rate of weight loss during fasting was 
obtained by plotting oxygen consumption, in ml./min/100 g pre-fasting 
body weight, against loss of weight in g/day/100 g pre-fasting body weight. 
Hence the absolute rate of oxygen consumption was plotted against the 
absolute rate of weight loss. These authors also obtained a linear regression 
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Body weight (kg) 
Fig. 5. The regression of metabolic rate on body weight of WN rats. Unoer, 
rate in ml./kg.hr; lower, rate in ml./kg?. hr. The dots represent mean values and 
the nearby numbers the-ages i in weeks of the ange 


when they plotted the ratio, total weight a (g/100 g pre-fasting weight) : 


survival time. Here again absolute values were employed. Indeed, if 
kg? units, or any other unit, had been used to express both rates of oxygen 
consumption and weight loss similar results would have been obtained. 
These facts are pointed out not to criticize the conclusions of Rixon & 
Stevenson (1957) but to show that the free use of the term ‘metabolic rate’ 
can be misleading. In the present discussion ‘oxygen consumption’ is 
used to indicate the rate of oxygen consumption per rat and “metabolic 
rate’ is limited to those observations in which - absolute rates have 
been based on some unit of size. 
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Fig. 6. The relative rates of increase in body weight and oxygen consumption of 
WN, WT and C rats. Body weight and oxygen consumption at 7 weeks of age 
are taken as 100%. O, body weight; @, oxygen consumption. 


TABLE 3. Oxygen consumption of warm-adapted rats (WN, WT) 
and cold-adapted rats (C) 19 weeks of age 


Average hourly oxygen consumption 


| Average weight c 
Group No. (g) ml. ml./kg 

WN 11 346448 % 43447-7% 1254+ 6-3% 
| Lvs 0-001 

Wr 11 299 + 7-2 + 6-0 1436+ 7:2% 
Le < 0-001 < 0-01 

11 260+ 5-7% 412+6-6% 1580+ 6-0% 

WN+WT 22 322+9:5% 4314+ 6-8% 1345+ 


WN+WT+C 33 301+13:1% 425+7-1% 1423+ 


Average hourly oxygen consumption 


ml./kg? ml. /kgt ml./0-1 m? 
WN 11 962+ 880 + 6-4 % [992 +6-4% 
< 0-01 —P < 0-01 < 0-01 
wr 11 —1063 + 6-0 =960 + 5:8 % 1074+ 58%, 
—P < 0-05 —P < 0-05 < 0-05 
C 1] 1130+5-6% 1040+ 55% L1130+5-5% 
WN+WT 22 1012+7:9% 920+ 7-4% 1033 + 7:2 % 
WN+WT+C 33 1051+ 8-8 % 960+ 1065 + 7:9 % 


+ = coefficient of variation 
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Horst, Mendel & Benedict (1934) noted that the metabolic rates of their 
rats were not in accord with an earlier study. As the weights of the two 
groups of rats differed widely these authors suggested that the lack of 
agreement was due to the fact that heat production expressed per unit of 
weight or per unit of surface area did not rule out the difference in body 
weight. Our results clearly show that there is a negative regression of 
metabolic rate on body weight (Figs. 2 and 5). Therefore, when comparing 
the metabolicrates of groups of animals with different average body weights, 


250 


Body weight (g) 


O, consumption (ml./hr) 


Time. (days) 


Fig. 7. The effects of a two-day fast, ©, and of a single subcutaneous injection of 
0-5 mg reserpine, @, on the body weight and oxygen sa he io of rats. Each 
point represents the average from six rats. 


it is necessary to perform an analysis of co-variance and to seek differences 
in the adjusted mean metabolic rates. If these steps are not taken, con- 
clusions will depend upon the degree of difference in body weight and on 
the reference unit used, since the regression coefficients are different for 
the different reference units. Benedict & Sherman (1937) have pointed 
out that the metabolic rate of old rats is higher than middle-aged ones 
_when based on body weight but not when based on surface area. Black & 
Marlin (1938) observed that the metabolic rate of rats falls gradually 
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during the first 6 months of life. Figure 4 shows that our results indicate 
the same relationship. If it is assumed that corrections for changes due 
to weight have been made by using metabolic rate then one may conclude 
that the gradual reduction of metabolic rate is due to age. But age does 
not affect the metabolic rate (Fig. 5). Another example of erroneous 


20 


Change in O, consumption (%) 


Time (days) 


Fig. 8. Upper, change in oxygen consumption of rats deprived of food for 2 days; 
lower, after receiving a single subcutaneous injection of 0-5 mg reserpine. Oxygen 
consumption is expressed in ml./hr, O; ml./kg.hr, @; ml./0-1_m?.hr, @. Each 
point represents the average from six rats. . 


conclusions arising from the assumption that metabolic rates correct for 
weight is shown in Table 3. The metabolic rates of the moderately fasted 
group (W7’) are significantly higher than those of the normal controls 
(WN). In the present experiments one might conclude that this was an 
effect of moderate fasting. Without knowing that the WT7' group had been 
deprived of food one might conclude, of course, that the rats in the W7' 
group were thinner because of their higher metabolic rate. There is, how- 
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ever, no difference in the metabolic rates of the two groups when these 


are adjusted for body weight. 


One of the reasons for basing oxygen consumption on body size is the 
desire to reduce the coefficient of variation of the results. When the range 
of body weights of the animals is small not much difference is found between 
the coefficients of variation of oxygen consumption and metabolic rates. 
However, when the range of body weights is large, expressing oxygen 
consumption in terms of a unit of size increases the coefficient of variation 
(Table 2 and 3). From this it follows that if an analysis of co-variance is 
not performed on the results, comparing the absolute oxygen consumption 
of rats of the same age but of different weights will introduce less error. 

Another reason advanced for using metabolic rates is the desire to 
predict absolute heat production from body size (Kleiber, 1947). Kleiber 


_ (1956) offers the formula: M = 3(body weight in kg?); where M is the 


heat production in keal/hr. This formula is only an approximation and 


_ Kleiber suggests that M = k(body weight in kg!) be used for more accurate 


work. Since k has to be calculated from the absolute heat production and 
is different for different body weights we fail to see the usefulness of this 

Kleiber (1947) points out that considerations of heat transfer do not 
support the hypothesis that the heat production of homoeotherms should 
be strictly proportional to surface area. He does not say in what way 
these considerations support his hypothesis that heat production should 
be proportional to the body weight in kg? units. The kg? unit was chosen 
in order to make the metabolic rates of homoeotherms, from mice to — 
elephants and whales, approximately the same. In studies on temperature 
regulation the reference of heat loss to surface area is theoretically correct. 
It should be noted, however, that the surface area of rats, and of other 
laboratory animals, is really an expression of weight, since it is calculated 
from body weight and the constant is merely for the sake of units. 

The oxygen consumption of an animal at rest and at its ‘critical’ en- 
vironmental temperature increases with age, just as the actual body 
weight increases with age, but the relative rates of increase of the two are 
different (Fig. 6). This can be explained by assuming that the oxygen 
consumption depends upon the ‘activity’ and amount ef metabolically 
active tissue while the actual body weight depends upon the amount of 
metabolically active tissue plus inert material (e.g. fat and water). It is 
conceivable that during different stages of development the ‘activity’ 
and the rate of production of metabolic material are different. In addition. 
the rate of production of inert material may also vary. These considerations 


_ Make it illogical to expect a constant relationship between oxygen con- 


— and body weight, or any power of body weight, throughout the 
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life of an animal. The relative rates of increase of oxygen consumption and 
of total body weight may also depend upon environmental (temperature) 
conditions and the nutritional (quantity and quality of food available) 
and hormonal status of the animal. For these reasons one cannot expect 
the ratio oxygen consumption: body size to be the same in normal animals 
and, say, in animals kept in a cold environment. The proper unit for 
comparing the metabolic activity of the tissues of animals is the ratio 
oxygen consumption: size of tissues involved. The use of lean body mass 


as an indication of metabolic size has been recommended (Keys & Brozek, — 


1953). But the estimation of lean body mass of rats is often not practical, 
as all procedures, with the exception of the one proposed by Lesser, 
Blumberg & Steele (1952), involve the death of the animals. With small 
animals the use of specific gravity as an indication of fat content results 
in large errors of determination which cancel the theoretical advantages 
from the use of this unit. Da Costa & Clayton (1950) found good correla- 
tion (r = — 0:63) between body density and fat content in rats. However, 
Keys & Brozek (1953) have pointed out that the correlation coefficient 
was not high enough to permit precise individual predictions. The calcula- 
tion of body fat content from specific gravity data is based on the principle 
of Archimedes and requires prior knowledge of the densities of the ‘fat’ 
and the ‘lean’ portions of the animal. At present the conversion of 
specific gravity to percentage of fat is based almost entirely on data obtained 
from the guinea-pig (Rathbun & Pace, 1945; Pace & Rathbun, 1945). 

Our results suggest that it is safe to assume that mature rats of the same 
age have the same amounts of metabolically active tissue. Hence it is 
possible simply to use oxygen consumption as a direct indication of tissue 
activity. The results, however, hold only for rats that weigh between 
250 and 350g at 19 weeks of age. With greater discrepancies in mean 
body weights between two groups direct comparison may lead to errors 
_ and should not be undertaken. In such cases it is necessary to use both 
absolute oxygen consumption and oxygen consumption adjusted for weight 
_ for comparisons, assuming a specific action on energy metabolism to have 
occurred when both have changes in the same direction. The basis for this 
type of comparison is given by Heroux & Gridgeman (1958). - 

In experiments of a few days duration and where the animals are used 
as their own controls the problem of determining the effects of a procedure 
on energy metabolism is simpler. Here it can be assumed that changes 
with time in the amount of metabolically active tissue are small; thus any 
alteration in oxygen consumption may be ascribed to changes in the 
activity of the cells. Carr & Beck (1937), basing heat production on body 
weight, noted that there was no change in the metabolic rate of rats which 
fasted for 48 hr. Our results are not comparable since the starved rats of 
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the present experiments suffered both inanition and dehydration. How- 
ever, the use of absolute oxygen consumption as an indication of tissue 
activity suggests that the effects of fasting are greater than have been 
assumed. 

The results obtained 24 and 48 hr after the injection of reserpine suggest 
that this drug depresses the heat production of rats. A single large dose 
of reserpine in rats results in diarrhoea and marked loss of weight for 
about 2 days. This may be due to increased peristaltic activity (Biilbring & 
Crema, 1959). Hoffman (1958), basing oxygen consumption on body 
weight, obtained a 25-30 % increase in metabolic rate of rats 1-6 hr after 
the injection of reserpine. Only part of this increase can be ascribed to a 
decrease in weight of the animals. It would seem therefore that the short- 
term effects of reserpine lead to an increase in heat sicasinaai possibly 
due to vasodilatation and increased heat loss. 


SUMMARY 


1. A comparative study has been made of four means of expressing _ 
the metabolic rate of rats by determining their absolute oxygen con-. 
sumptions and basing results on body weight (kg), ‘metabolic size’ (kg! 
and kg?) and surface area (m?) calculated from body weight. 

2. Expressing the oxygen Consumption of rats weighing more than 
200 g in the above terms does not correct for differences that are caused 
by differences in body weight. 

3. There is a gradual fall in metabolic rate of rats with i increasing age 
from 7 to 19 weeks. This is due to increasing weight of the animals. , 

4. After 11 weeks of moderate fasting (removal of food and water one 
day each week) rats have higher metabolic rates than normal controls. 
This is due to the lower body weights of the fasted group. 

5. Rats kept in a cold environment (6° C) have a higher metabolic rate 
than controls kept at 28° C. This is due to the lower body weights of the 
former group. 

6. The shortcomings of the term smotablle rate’ are discussed and 
reasons advanced why one cannot expect a constant relationship between 
oxygen consumption and body weight or any power of body weight. 

7. It is suggested that, where discrepancies in the body weights of two 
groups are small, comparing absolute oxygen consumption will yield more 
accurate results. Where the difference in weight between two groups is 
greater than 100 g (the limits of the present experiments) it will be neces- 
sary to compare both absolute oxygen consumption and oxygen consump- 
tion adjusted for weight, regarding a specific action on energy metabolism 


as — taken place when both have changed in the same direction. 
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8. By the above method it is concluded that acute fasting (removal Pp 
of food and water for 48 hr) has a greater depressing effect on energy 
metabolism than can be presumed from the calculated metabolic rate. 
This method also indicates that reserpine has a depressing effect on heat 
production. 
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SPONTANEOUS ACTIVITY IN MUSCLE FIBRES 
OF THE CHICK 


By B. L. GINSBORG* 
From the Pharmacology Department, University of Edinburgh 


(Received 28 October 1959) 


It has recently been reported (Ginsborg, 1959) that muscle fibres of the 
chick are innervated in one of two different ways. One type of fibre is 
supplied by a single axon and has a focal end-plate. The other type is 
supplied by a number of axons and has neuromuscular junctions distributed 
at many points along the fibre. The evidence for this view was derived, 
in part, from the two different kinds of spontaneous electrical activity 
which could be recorded from within single fibres of a chick’s muscle, and © 
it is the purpose of this paper to describe that spontaneous activity in 
greater detail. The two types of err may conveniently be referred 
to as ‘focal’ and ‘diffuse’. , 


METHODS 


Intracellular recording from single fibres of various muscles of the chick was employed.. 
The micro-electrodes, usually filled with 5m-NaCl, and the experimental arrangements were 
conventional (Fatt & Katz, 1951). In some experiments two electrodes were inserted into 
the same fibre, the second electrode being used either as a polarizing or as an additional 
recording electrode. The muscles were removed from chicks of from 1 day to 6 weeks in age 
anaesthetized with 2 ml./kg of a 9% solution of Na-phenobarbitone (I.v.), and mounted in 
a chamber similar to that described by Boyd & Martin (1956), in which the bathing fluid 
was circulated by a gas lift (O, 95%, CO, 5%). The composition of the bathing fluid was: 
(mm) NaCl 150, NaHCO, 20, KCl 5-0, CaCl, 5-0, MgCl, 2-0, with glucose 2 g/l.; the concen- 
trations of cations were based on the analyses of cock plasma given by Lake, Butler, 
McCallum & MacIntyre (1958). The solution described by Krebs & Henseleit (1932) appeared 
equally satisfactory. In some experiments solutions were made hypertonic with NaCl in 


_ order to increase the frequency (which varied between about 1/20 sec and 10/sec) of the 


miniature end-plate potentials (Fatt & Katz, 1952; Furshpan, 1956). Hypertonicity also 
often caused an increase in the size of the miniature end-plate potentials. This effect was 
perhaps due in part to a reduction of the fibre diameter (Katz & Thesleff, 1957). Most 
experiments were made at between 17 and 21° C; a few were made at 87° C. 

Muscles. The muscles used were the caudal belly of the biventer cervicis, the semispinalis 
cervicis, the anterior and posterior parts of the latissimus dorsi and the extensor carpi — 
radialis profundus (for the anatomy of the chick see Chamberlain, 1943). I am indebted 
to Professor Eleanor Zaimis for introducing me to the neck muscles, which were first 
described as isolated preparations by Child & Zaimis (1954) and Child (1955). Except for 
the extensor carpi radialis profundus, the muscles are composed of parallel bundles of fibres 
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held together by several layers of closely woven connective tissue. This was more easily 
removed from the dorsal than the ventral surfaces of the muscles; it was, however, not 
possible to remove the connective tissue entirely from either part of the latissimus dorsi 
without causing extensive damage to the muscle. In the neck muscles, the biventer cervicis 
and the semispinalis cervicis, it was found (by stimulating and recording from curarized 
preparations with external electrodes) that the fibres do not run the length of the muscles, 
but are arranged in the same way as in the tenuissimus of the cat (Adrian, 1925), the average 
length of a fibre (about 1 cm in a 14-day-old chick) being about one third the length of the 
muscle. The average diameter of the fibres in the biventer cervicis varied from about 12, 
in muscles taken from chicks 1 day old to 35 at 6 weeks, these values being obtained by 
measuring isolated single fibres. An increase in diameter with age was confirmed by 
measuring the average diameters in photographic enlargements of slides of transverse 
sections kindly provided by Dr B. Mackay, of the Anatomy Department, Edinburgh. The 
diameters, relative to that in a 1-day chick, were 1-2, 1-6, 1-8, 2-1 and 2°5 at 1, 2, 3, 4 and 
6 weeks, respectively. As would be expected on the basis of the relatively constant increment 
in membrane conductance underlying the miniature end-plate potential (Katz & Thesleff, 
1957), larger miniature end-plate potentials could*enerally be recorded from muscle fibres 
of younger birds. 

The usual difficulty associated with inserting electrodes into small fibres was encountered 
(cf. Katz & Thesleff, 1957; Kuffler & Vaughan Williams, 1953a; Burke & Ginsborg, 1956); 
i.e. the impalements were unstable and the resting potentials generally low and sensitive 
to small vertical movements of the micro-electrode. The difficulty was aggravated, especially 
at higher temperatures, in many cases of the biventer cervicis, the semispinalis cervicis, and 
the anterior part of the latissimus dorsi, by small movements within the muscles which 
could not be abolished and which dislodged the electrodes. The two highest resting potentials 
recorded were 84 mV, on the one occasion in a fibre of the biventer cervicis from which 
focal miniature end-plate potentials were recorded, and on the other in a fibre of the same 
muscle from which diffuse spontaneous activity was recorded. 


RESULTS 
Focal activity 

‘Focal’ spontaneous activity, illustrated in Fig. 1, has been recorded 
from twenty-five fibres in three different varieties of muscle, namely, the 
biventer cervicis, posterior portion of the latissimus dorsi, and the extensor 
carpi radialis profundus. In the two latter muscles it was the only type 
of activity encountered and it is noteworthy that in the majority of 
impalements in these two muscles no spontaneous activity was seen. 
Presumably, therefore, it was necessary for the impalement to be made at 
some precise position close toa focal neuromuscular junction for this variety 
of activity to be seen. In the biventer cervicis focal activity was observed 
in a small minority of impalements, electrical silence in a larger minority 
and diffuse activity, to be described below, in the majority of cases. All 
spontaneous electrical activity was abolished by tubocurarine 5 x 10-* (w/v). 
The focal activity clearly consisted of a series of miniature end-plate 
potentials similar to that which has been observed in twitch fibres in the 
frog (Fatt & Katz, 1952) and in the mammal (Boyd & Martin, 1956: 
Liley, 1956; Brooks, 1956). The mean amplitudes varied between 0-6 and 
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3-1 mV from fibre to fibre. In individual fibres the time to the peak, at 
room temperature, varied between 4 and 12 msec, but in any one fibre 
the rise time did not vary by more than a factor of 2 and there was no 


200 msec 


Fig. 1. Spontaneous electrical activity recorded with an intracellular electrode 
in three different fibres of the biventer cervicis. Temperature, 19° C. The relatively 
constant shape of the spontaneous potentials in each fibre indicates that they 
originated at a focal end-plate close to which the fibre was impaled. 


obvious relation between amplitude and rise time (cf. del Castillo & Katz, © 
1956). The variations from fibre to fibre are no doubt largely accounted 
for by differences in fibre size (Katz & Thesleff, 1957) and, since electrodes 
were inserted at random, by differences in the proximity of the electrode 
to the end-plate. As is the case in the frog (Fatt & Katz, 1952) the 
frequency distribution of amplitude appears to approximate to a normal 
distribution with a coefficient of variation of about 30% (Fig. 2). The 
relative constancy of ‘shape’, and the normal frequency distribution of 
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amplitudes are both consistent with the view that the ‘focal’ spontaneous 
activity did indeed originate at a focal end-plate near which the electrode 


was inserted. 
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Fig. 2. Frequency distribution of the amplitudes of a series of 70 ‘focal’ miniature 
end-plate potentials recorded from a single fibre of the biventer cervicis, The dotted 
70 (a — 2-6)? 
0-03 exp|. 2x (0-93) 
population equal to the number of observations, with the same mean and variance 
as were observed, , 


curve is the theoretical normal distribution n = for a 


q Fig. 3. ‘Diffuse’ spontaneous activity in a fibre of the biventer cervicis. Tempera- 
— ture 19° C. The variations in shape indicate that the miniature end-plate potentials 

q _ originate at junctions at a variety of different distances from the point at which 

j the fibre was impaled. — 

| Diffuse activity 

| ‘Diffuse’ spontaneous activity, illustrated in Fig. 3, has been observed © 


| in several hundred fibres of the biventer cervicis, semispinalis cervicis and 
| the anterior part of the latissimus dorsi. It evidently consists of a series 
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Fig. 4. Frequency distribution of rise times of 191 ‘diffuse’ miniature end-plate 
potentials. Same experiment as in Fig. 6. 

Fig. 5. Frequency distribution of amplitudes of a series of 237 ‘diffuse’ miniature 
end-plate potentials, Same experiment as in Fig. 6, 


Fig. 6. A selection of miniature end-plate potentials from a single impalement of 
a fibre of the anterior latissimus dorsi, showing the association of longer rise times 
with smaller amplitudes. 
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of miniature end-plate potentials, but in contrast with the focal potentials 
there is a striking variation in rise time (Fig. 4), the frequency distribution 
of amplitudes is skew, smaller amplitudes occurring most : frequently 
(Fig. 5) and small amplitudes are often associated with long times of rise 
(Fig. 6). These features are to be expected of miniature end-plate potentials 
which originate at junctions at different distances from the recording 


electrode, and they have in fact been observed previously by Burke (1957), 


Fig. 7. Focal (A) and diffuse (B) spontaneous activity recorded from two different 
fibres of the same biventer cervicis muscle at 37° C. 


in the spontaneous activity of ‘slow’ fibres of the frog which are known 
to have a distributed innervation (Kuffler & Vaughan Williams, 1953a; 
Burke & Ginsborg, 1956). Since most experiments were made at room 
temperature, which was about 20°C lower than the body temperature of 
the chick, it was remotely possible that the diffuse activity was related to this 
abnormal temperature (cf. del Castillo, 1955). The distinction, however, be- 
tween focal and diffuse activity remained at 37° C (Fig. 7). Moreover, in 
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the anterior latissimus dorsi, diffuse activity was the only type of 
_ spontaneous activity observed and it occurred in the case of almost every 
impalement. This observation alone strongly suggests the existence of a 
variety of muscle fibre with neuromuscular junctions distributed over the — 

length of the fibre. It also disposes of the possibility that the diffuse ere 
‘arose only from intrafusal fibres of spindles. 


Simultaneous recording with two micro-electrodes 


A method of estimating the density of innervation of a fibre is to insert 
two electrodes at known distances from one another in the same fibre and 
to record from them simultaneously. (Since it was not possible to follow 
these fibres visually, the second electrode was inserted as a current-passing 
_ electrode, a successful impalement being registered by the appearance of 
an electrotonic potential in the first recording channel; by actuating a 
micro-switch, the second electrode was then connected to the input of 
asecond recording channel.) Results from three fibres are illustrated in 
Fig. 8. It may be noted that, apart from providing some estimate of the 
density of innervation, these results unequivocally demonstrate the 
existence of a distributed innervation, since the range of amplitudes of 
the miniature end-plate potentials recorded by either electrode was the 
-game. Nor was this the result of the two electrodes being either side of, 
and equidistant from, a single source. It is, for example, apparent from 
Fig. 8, (a) that the miniature end-plate potential, «, recorded on channel B 
originated at a point relatively close to electrode B and too distant from 
electrode A to be recorded by it; whereas the two miniature end-plate 
potentials, 8, originated between the two electrodes, and the miniature 
end-plate potential, y, originated relatively close to electrode A and distant 
from B. There must therefore be at least three distinct junctional regions 
in the field of recording of the two electrodes. In fact, in this experiment 
the ratios of the amplitudes of the nineteen miniature end-plate potentials 
which were recorded simultaneously by the two electrodes fell into at least 
five separate classes. It is unlikely that any miniature end-plate potentials 
arising outside the length of the fibre between the two electrodes would 
have been seen simultaneously since the distance between them was 
_- 1-7 mm, which is equivalent to about 2-5, A being the space constant of 
the fibre, and a miniature end-plate potential originating at one electrode 
would be attenuated by more than one-twelfth, e~**, in amplitude at the 
_ other electrode (A was found to be about 0-7 mm in two different fibres) ; 
in this fibre it is therefore probable that the average distance between — 
the junctional regions at which the miniature end-plate potentials arose 
was not more than 340. The majority of miniature end-plate potentials 
were seen only on one or other channel, presumably partly because they 
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Fig. 8. Simultaneous records from two intracellular electrodes separated by 
different distances, d, in three fibres, (a), (b) and (c), of the anterior latissimus 
dorsi, The upper traces in each set of (a), (b) and (c) are from the one recording 
channel, and the lower traces from the other (see text). | 
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arose from points outside the segment between the two electrodes and 
partly because only the largest of the miniature end-plate potentials 
which arose close to one electrode remained above the noise level at the 
other electrode. A similar estimate for the distance between adjacent 
sources of miniature end-plate potentials is suggested by Fig. 8(b), in 
which the two recording electrodes were separated by 400, in a fibre in 
which the largest miniature end-plate potentials were less than 1 mV. 
Only those arising from a junction close to the electrode would be recorded 
_ by either electrode above noise level. Even so, it was apparent that there 
- were at least two separate sources of activity both within or at any rate 
close to the 400 1 segment included by the electrodes. In five of the fibres 
investigated it was clear that at least one of the two electrodes was not 
properly inserted ; no analysis of the distribution of junctions was therefore 
possible. In every experiment, however, it was evident that miniature 
end-plate potentials arose from sources sometimes closer to one electrode 
and at other times closer to the other. 


DISCUSSION 


The results described in this paper show that certain muscles in the 
chick contain fibres in which neuromuscular junctions occur at many 
points along the fibre. The distance between adjacent junctions in these 
fibres is, at the most, of the same order of magnitude as the space constant 
of the fibre; pharmacological agents which cause depolarization at the 
nefromuscular junction may therefore be expected to cause a relatively 
uniform depolarization of the surface of a diffusely innervated fibre. 
Allowing that contraction is intimately related to depolarization, it seems 
likely that it is these fibres which are responsible for the contracture of 
such avian muscles as respond with contractures, which occur on the 
application of acetylcholine-like substances (e.g. Langley, 1905/1906; 
Brown & Harvey, 1938; Buttle & Zaimis, 1949; Paton & Zaimis, 1952). 

The similar contractures which occur‘in certain amphibian muscles are 
known to be due to the activity of a distinct group of fibres, the slow 
fibres (see Kuffler & Vaughan Williams, 19536), which are also known to 
be diffusely innervated (Kuffler & Vaughan Williams, 1953a; Burke & 
Ginsborg, 1956; Burke, 1957). It should therefore be of interest to compare 
other properties of the diffusely innervated amphibian and avian muscle 
fibres. A notable difference, which has already been briefly reported 
(Ginsborg, 1959), is that, unlike the amphibian slow fibres, diffusely 
innervated fibres in the biventer cervicis of the chick are capable of 
responding to adequate stimulation with propagated action potentials. 

In the frog there is a striking correspondence between the distribu- 
_ tions amongst various muscles of slow fibres and of the fibres described 
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histologically by Kriiger as being of ‘Felderstruktur’ (see Kriiger, 1952; 
Kuffler & Vaughan Williams, 19536; Gray, 1958). These ‘Felderstruktur’ 
fibres have been supposed by Kriiger to be responsible for contractures and 
in the frog they have been shown by Giinther (1949) to be endowed with 
‘en grappe’ type of nerve endings as opposed to the typical endings on 
twitch fibres. I am indebted to MrA. F. Huxley for suggesting that a corres- 
pondence might also exist between diffusely innervated fibres and ‘Felder- 
struktur’ fibres in the bird; and that it might be revealed by comparing the 
two parts of the latissimus dorsi muscle. These two parts, the anterior and 
posterior, have been found by Kriiger (1950, 1952), in a variety of species 
of bird, to be made up exclusively of ‘Felderstruktur’ and ‘Fibrillen- 
struktur’ fibres, respectively, the Fibrillenstruktur fibres being endowed 
with typical end-plates and, as in the frog, the Felderstruktur fibres having 
‘en grappe’ nerve terminations. In addition, in one experiment, on the 
crow, Kriiger found that the anterior latissimus dorsi responded to acety]- 
choline with a contracture whereas the posterior part did not. In the 
present experiments, as has already been noted (pp. 708 and 713) no diffuse 
spontaneous activity has ever been observed in the posterior latissimus 
dorsi and no focal activity has been observed in the anterior latissimus 
dorsi. Whilst these results cannot be regarded as conclusive, since only a 
small proportion of the fibres in any muscle have been impaled and further- 
more the chick was not among the birds investigated by Kriiger, they are, 
nevertheless, highly suggestive of an identification of the diffusely in- 
nervated fibres with those described by Kriiger as ‘Felderstruktur’ fibres. 


SUMMARY 


1. The spontaneous activity at the neuromuscular junction in muscle 
fibres of the chick has been investigated with intracellular electrodes. 

2. The activity provides evidence of two types of fibre, one with a 
focal end-plate and the other with paar distributed at many _— 


along the fibre. 


3. The distribution of the diffusely~innervated fibres amongst the 
various muscles investigated, suggests that they may correspond to 
Kriiger’s ‘Felderstruktur’ fibres and that they may be responsible for the 
contractures obtained in avian muscle on the application of acetylcholine- 
like substances. 


IT am deeply indebted to Professor W. L. M. Perry for advice, encouragement and hospi- 
tality, to Professor D. Whitteridge for the use of many facilities and to Messrs W. T. S. 
Austin and N. E. Condon for their unfailing help. 
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Cytochemical and radio-isotope techniques applied to the study 
of the hypothalamus and neurohypophysis. By Barpara C. 
Kine and J. C. Storer. Department of Morbid Anatomy, Charing 
Cross Hospital Medical School, London, W.C. 2 


Wireless telestimulation of the cat’s motor cortex with constant 
stimuli. By 8. Bonazzoua and T. Physiological 
Laboratory of the University, Milano, Italy 


Wireless stimulation of the cat’s cortical motor centres at a distance of 
up to 50 yards has been achieved by using a receiver-stimulator developed . 
in order (a) to be small enough to be chronically implanted under the 
animal’s skin, and (6) to apply stimuli of a constant amplitude and duration 

whatever the position and the movements of the animal. 


Amplifier Multivibrator Power stage Rectifier 


Output 


mK 
2 
1,3 —9,8 
Fig. 1, = OA85; Vs, V3; Vas Vs» = OC72; multivibrator = 2—7000 c/sec. 


The all-transistor device (Fig. 1) consists of a receiving antenna, a 
double amplifier, a blocked multivibrator and a power stage with an 
output insulating transformer. The receiver-stimulator is powered by 
seven miniature mercury batteries in series, 1-45 V each. This gives an 
all-or-none stimulus of pulses of 1-2 msec duration (or more at will) at 
a strength of up to 100 mA. These pulses are conducted to the required 


* Present address: Department of Physiology of the University, Sassari, Italy. 
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nervous centres through implanted wire electrodes. The apparatus is 
triggered whatever the position of the animal, owing to the high gain of the 
amplifier stage, at a distance of up to 50 yards even through concrete or 
wooden walls. 

A 30cm wave-length transmitter with a parabolic antenna is used for 
triggering the stimulator at any required frequency. The stimulation of 
discrete centres of the motor cortex has been possible in cats for approxi- 
mately 1 month after the implantation of the device before the cells were 
exhausted. If a longer duration is wanted, the mercury batteries may be 
kept disconnected and connexion made through a couple of wires con- 
tained in a polythene tube protruding from the skin without any in- 
convenience to the animal. 

Various movements, according to the position of the stimulating 
electrodes in the cortex, have been induced and the behaviour of the animal 
observed. The conclusion has been drawn that the cat is apparently un- 
aware of, and not troubled by, the cortical stimulation and the following 
movements. 


This research has been sponsored by the Office of Scientific Research of the Air Research 
and Development Command, United States Air Force, through its European Office, under 
Contract AF 61 (052)—23. 


A cine technique for measurement of eye movements in a dynamic 
environment. By W. T. Free and G. M. Jonus*. R.A.F. Institute 
of Aviation Medicine, Farnborough, Hants 


The apparatus comprises a standard closely fitting flying helmet, having 
a forward facing cine camera running at 16, 32 or 64 frames/sec, rigidly 
mounted on one side, with a 2 in., F/1-9 lens which carries a periscope so 
arranged that the camera takes a close-up picture of one eye. The motor is 
connected to the camera by a flex-drive and is mounted on the opposite 
side for inertial balance. The periscope has front surfaced mirrors, carries 
a 12 W half-silvered bulb for illumination of the eye and contains an 
annular photo-cell for exposure control, the current from which is amplified 
approx. 10 times by a transistorized circuit. A hood is available for 
covering the periscope and eye, mainly to reduce corneal reflexions to a 
single spot of light. The whole system can be fixed relative to the skull 
with a dental bite. The apparatus is controlled from a small box strapped 
to the knee, by means of which mains voltage, bulb voltage and amplified 
current from the photo-cell can be measured, and bulb current can be 
adjusted through a power transistor control circuit. A self-contained 
Cd-Ni battery pack supplies 28 and 18 V at 1 amp each for 12 min. 

Kye movement in the ‘horizontal’ and ‘vertical’ planes can be measured 
* External staff, Medical Research Council. 
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- to an accuracy of approx. + 1° within 25° of a central datum by measur- 


ing displacement of the pupil image on the film. Rotational movement 
about the visual axis can be measured with a similar accuracy by super- 
imposing a projected image of the iris upon a disk, free to rotate about its 


¥ 


Mains/battery 


selector Photo-cell 
control 


Event 


Fig. 1. Apparatus for measurement of eye movements. 


axis and having characteristic radially disposed marks of the particular 
iris sketched upon it. The disk is mounted upon a support, graduated in 
degrees, which is constrained to move in the plane of the image without 
itself incurring rotation. 


The effects of intense sound on the cochlea of the guinea-pig. By 
W. Burns and R. P. Gannon. Physiology Department, Charing 
Cross Hospital Medical School, London, W.C. 2 


Observations on the rhesus monkey in utero. By G. 8. Dawzs, 
H. N. Jacosson, Joan C. Morr and Heatuer J. SHELLEY. The 
National Institute for Neurological Diseases and Blindness, Field 
Station of Perinatal Physiology, San Juan, Puerto Rico, and the Nuffield 
Institute for Medical Research, University of Oxford 


Observations have been made on twelve foetal monkeys in utero under 
pentobarbitone anaesthesia, ranging in gestation age from 115 to 158 days — 
(term is about 168 days). A leg was delivered through a small uterine 
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- incision and a catheter was inserted into the femoral artery for recording 
blood pressure and to obtain blood samples. In five foetal monkeys an 
arm was also delivered through a separate incision and the brachial artery 
was catheterized so that samples could be withdrawn from tributaries of 
the ascending and the descending aorta simultaneously. In experiments 
on the three youngest monkeys (126 days gestation or less) a uterine 
incision was made over the neck of the foetus and a catheter was introduced 
into the left carotid artery. 

The mean O, saturation of the femoral arterial blood was 58 % (range 
51-63). Simultaneous samples taken from a brachial artery were, on the 
average, 9 °/, higher ; values as high as 77 and 79 ° were observed. The blood 
lactate concentration was of the same order as that seen in six monkeys 
8-12 days after birth (7-17 mg/100 ml.). In three foetal monkeys, femoral 
arterial blood samples withdrawn at the peak of a uterine contraction 
(producing a rise of intra-uterine pressure of up to 35 mm Hg) contained 
less O, (by 1-5-9% saturation) than did samples withdrawn during a 
quiescent period between contractions. On delivery of the foetus the uterus 
contracted strongly and the foetal arterial O, saturation fell to low values, 
comparable with those commonly observed in human cord blood samples, 
even though the placenta was not yet separated. It is therefore suggested 
that cord blood samples, taken after delivery, may give a misleading 
impression of the conditions of intra-uterine life in the primate. And it is 
interesting that the same difference between the oxygen content of the 
blood in the ascending and the descending aorta exists as has been shown 
previously in ungulates. 

This work was carried out with the aid of a grant from the United Cerebral Palsy Research 
and Educational Foundation. 


The action of 2-4-DNP on rat auricular action potential duration 
and intracellular levels of Na+ and K+. By J. F. Lams. Department 
of Veterinary Physiology, University of Edinburgh 


Weidmann (1956) showed that if the external potassium concentration 
[K]g was increased in the Ringer’s solution perfusing turtle hearts the 
action potential shortened, and Déléze (1959) showed that a decrease in 
the external sodium concentration [Na], also shortened the action poten- 
tial. Weidmann was able to show that the shortening of the action poten- 
tial was independent of the drop in resting potential accompanying the 
_ shortening, but it has not been established if the changes in the duration 
of the action potential are due to the alteration in the [K], or [Na], per se, 
or whether they are related to the concomitant changes in the equilibrium 
potentials of the ions (Ey or Zy,). The present experiments were designed 
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to test this point, by altering the intracellular values of K and Na in rat 
auricles and observing the effect on action potential duration. Use was 
made of 2-4-dinitrophenol (DNP), which was shown in preliminary 
experiments to affect the internal concentrations of K+ and Nat, [K]; and 
[Na];, and which is known to shorten the action potential duration 
(Macfarlane, 1956; Webb & Hollander, 1956). 


[Na], [K} Action 

(m-mole/ (m-mole/ Resting potential 

No.of kgfibre kgfibre potential Overshoot duration 
Treatment expts. § water) water) (mV) (mV) (msec) 
T 1 min 8 40-0 (8-6)* 159 (7-1) 80 (1-4) 28 (1-1) 55 (47) 
T 30 min 4 46-4 (2-3) 132 (2-5) 81 (0-8) 27 (2-8) 45 (3-8) 
DNP 15 min 11 46-0 (7-9) 113 (6-7) 71 (3-0) 3 (3-6) 6 (1-2) 
DNP 15 min 7 53-1 (6-8) 132 (5-7) 78 (2-5) 16 (2-4) - 85 (3-4) 


+T 15 min 
* Standard error of the mean. 


T is tyrode, DNP is 2-4-dinitrophenol, and the measurement of the duration is made at 
90 % repolarization. | 

Left auricles of rat heart were perfused at 35° C with Tyrode solution 
(157 m-mole Na and 2-7 m-mole K per litre) or Tyrode solution containing 
13 umole DNP and equilibrated with 95% O, and 5% ©O,, and driven 
at 60/minute. Action potentials were recorded by intracellular electrodes 
and at the end of each experiment the hearts were dried, wet-ashed and 
analysed for Na and K content (Goodford, 1959). Some hearts were 
perfused with choline chloride solution at 6°C for varying periods to 
determine the extracellular space (Krnjevié, 1955; Dainty & Krnjevié, 
1955). The value obtained was 25 ml./100 g wet weight. 

Table 1 shows that DNP causes a large fall in [K]; but only a small 
increase in [Na],;. Recovery from DNP is associated with an increase of 
[K]; but without any reduction of [Na];. A comparison between the 
groups of hearts with the same [K],; or [Na]; values shows that an increase 
of [Na]; or a decrease in [K]; both shorten the action potential. Thus 
alteration of H, or Hy, either by changing the internal or the external 
concentrations of the ions shortens the action potential. The action 
potential duration, however, appears to be more sensitive to changes in 
[KK]; than to the corresponding change in [K], required to alter the Ey by 
the same amount. 
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Biological activity of pure bradykinin—a plasma kinin from 
ox blood. By D. F. Etxiorr, E. W. Horton and G. P. Lewis. 
National Institute for Medical Research, London, N.W. 7 


The plasma kinin bradykinin has been isolated and was found to contain 
the following amino acid residues: arginine, phenylalanine, proline, serine, 
glycine, in the proportion 2:2:2:1:1 (Elliott, Lewis & Horton, 1959). 

In the present investigation the biological activity of the pure poly- 
peptide has been compared with a crude preparation similar to those used 
in most other investigations. The two were compared on the following 
isolated smooth-muscle preparations, the guinea-pig ileum, rat uterus, rat 
duodenum and rabbit duodenum. In addition, comparisons were made for 
vasodilatation in the skin of cat hind limb, for depressor activity by 
intravenous injection into cats and rats, and for effect on capillary 
permeability by intradermal injection into the skin of guinea-pigs and 
rabbits. It was found that pure bradykinin was active on all these prepara- 
tions and within the errors of biological variation the increase in activity 
from the crude material was proportional in all tests. 

All these activities are therefore inherent properties of the pure poly- 
peptide which is probably mainly responsible for the biological activity of 
the crude mixture of polypeptides. However, the observations do not 
exclude the possibility of the presence of other active peptides differing 
only quantitatively from bradykinin. 

The active concentrations of the pure polypeptide varied between 
0-2 ng/ml. required to contract the rat uterus and 400 ng/kg to cause a 
depressor response in cats. On a molar basis, bradykinin was approxi- 
mately as active as acetylcholine as a vasodilator and about 10 times more — 
active than histamine in increasing capillary permeability. 

Bradykinin therefore ranks among the most active of biological sub- 
stances, and may be responsible for all the actions of the group of poly- 
peptides which have been classified under the name of plasma kinin. 


REFERENCE 
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Dinitrophenol and potassium exchanges in rabbit auricles. By 
M. WEATHERALL. Department of RORY, London Hospital 
Medical College, London, E. 1 


The-effects of 2:4-dinitrophenol (10-* Mm) on potassium and “K move- 
ments in rabbit auricles have been studied under conditions described by 
Rayner & Weatherall (1959). This concentration of dinitrophenol arrested 
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spontaneous beating within 5 min of application. Net loss of potassium 
occurred, but was not more than 20% until after 3 or more hours. The loss 
was much smaller than expected foi the reported decline in resting mem- 
brane potential under rather similar conditions (de Mello, 1959). The entry 
of #K was not significantly altered in the first hour of uptake, whether 
auricles had been exposed to dinitrophenol for an hour before immersion 
in radioactive medium or only during the period of **K uptake. Efflux of 
“K from tissues which had been immersed in tracer for 2-6 hr was 


TABLE 1 


42K efflux rate constant (min~!; mean 


Left auricles Right auricles 
Treatment — (quiescent) (beating until DNP treated 
No. of auricles ae 4 3 
Control before DNP 0-0164 + 0-0004 0-0277 + 0-0019 
DNP 10-* uw 0-0229 + 0-0014 0-0289 + 0-0021 
Control after DNP | 0-0148 + 0-0005 0-0209 + 0-0024 


accelerated (Table 1). There was a steady net gain in sodium during im- 
mersion in medium containing dinitrophenol. The results suggest that 
dinitrophenol increased the permeability of the cell walls to potassium, 
but they could also result from a failure to concentrate potassium in a 
bound fraction (Weatherall, 1959) if this fraction was 3 accessible only 
through the main cellular fraction. 


REFERENCES 
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| Haemoglobin concentration and: total haemoglobin in normal 


kittens. By SatyavaTat GuruUBATHAM and Parricia P. Scorv. 
Department of Physiology, Royal Free Hospital School of Medicine, 
London, W.C. 1 


Working with J. P. Greaves we measured the Hb concentration and 
packed cell volume in 158 venous blood samples from healthy kittens, of 
which only the youngest were anaesthetized. Hb concentration was 
17-12 + 0-43 g/100 ml. blood (estimated with an M.R.C. grey-wedge photo- 
meter) at birth, but fell rapidly during the first week of life to between 
6 and 7 g/100 ml. blood at 21-35 days, after which it rose, reaching 


_ 10-96 + 0-35 g at 10 weeks of age. Packed cell volume followed a similar 


course, so that the mean corpuscular Hb remained fairly constant, 
averaging 36-7 % over all observations. 
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We have now determined total Hb, by the viviperfusion method 
described by Hallgren (1954) for rats, on groups of six to eight kittens, 
ranging from new-born to 12 weeks of age, litter-mates being distributed 
throughout the groups. In the first 18 hr Hb was 1-07 + 0-09g/100 g body 
weight. A marked individual variation in total Hb explained the wide 
variation in Hb concentration observed, but these variations were not 
related to birth weight or litter size. In spite of progressive fall in 
Hb concentration and in Hb/unit body weight (minimal level of 0-43 + 
0-034 g/100 g body weight) the total Hb remained constant during the 
post-natal period until the third week when a just significant rise 
(P = <0-05) was first observed; the very low Hb concentration noted 
at this stage appeared to provide a stimulus for erythropoiesis. At 
5 weeks the total Hb was more than double the value at birth. This 
increase prevented any further fall in concentration but was only just 
sufficient to compensate for the growth of other tissues in this period. 
During the next period, when solid food was introduced into the diet, the 
rate of formation of Hb increased rapidly. By the 8th week the proportion 
of Hb to other tissues reached a steady state at 0-56 + 0-018 g/100 g body 
weight which was maintained until the kittens were 6 months old. 


REFERENCE 
‘Hallgren, B. (1954). Acta Soc. med. Upsal. 59, 79-208. 


The survival of new-born rats in nitrogen. By ANNE SrarrorD 
and JOSEPHINE A. C. WEATHERALL. Nuffield Institute of Medical 
Research, University of Oxford 


New-born rats exposed to nitrogen survived for (i.e. took their last gasp 
at) about 28 min at an environmental temperature of 36°C. Blood and 
tissue carbohydrate and lactate were measured by the methods described 
by Dawes, Mott & Shelley (1959) in rats which had been exposed to nitro- 
gen for varying periods of time. There was a fall in heart and liver carbo- 
hydrate and a rise in blood glucose, but little change in the carbohydrate 
content of skeletal muscle, lung or skin; the fall in liver and heart carbo- 
hydrate accounted for about 65 and 10% respectively of the lactic acid 
production in the whole rat. | 

In spite of this utilization of liver carbohydrate, the survival time of 
new-born rats in nitrogen was more closely related to the initial heart 
carbohydrate than to the liver carbohydrate or blood glucose concentra- 
tions. For instance: 


(1) When new-born rats were deprived of food before exposure to 


nitrogen, their survival time decreased in proportion to the decrease in — 


heart carbohydrate; there was a much greater fall in liver carbohydrate. 
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(2) When rats were exposed to nitrogen for 23-25 min and replaced in 
air the heart carbohydrate returned to the initial level within 3 hr, but the 
liver carbohydrate remained low. When litter-mates, which had been 
treated similarly, were now subjected to a second period of anoxia their 
survival time in nitrogen was directly related to the heart carbohydrate 
and not to the liver carbohydrate concentration. 

(3) With increasing age up to 16 days from birth, both the cardiac 
carbohydrate and the survival time in nitrogen decreased gradually. In 
contrast, liver carbohydrate fell rapidly to a minimum after the first day, 
at which time the survival time was still high, and later increased as the 
survival time fell. 

Intraperitoneal injection of glucose before exposure to nitrogen did not 
a the survival time of normal new-born rats, which died with a high 

ood glucose. Glucose did considerably increase the survival time of rats 
whose blood sugar and heart carbohydrate had been reduced to an 
abnormally low level by a previous period of anoxia, from about 17 to 
28 min. 

REFERENCE 
Dawes, G. S., Mott, J. C. & Shelley, H. J. (1959). J. Physiol. 146, 516. 


‘The sensitivity of conscious human subjects to added external 
elastic impedance to breathing. By E. J. M. CampseEtt, | 


S. Freepman, P. 8S. Smrru and M. E. Taytor. Medical Unit, 
Middlesex Hospital, London, W. 1 


Healthy adult males, breathing air through a circuit of negligible 
resistance, were made to inspire at intervals from a series of closed metal 
drums containing air initially at atmospheric pressure. These provided an 
added external elastic impedance in inverse proportion to their volumes. 
The elastances used were 4:9, 3°45, 2-6, 2:0 and 1-4cm H,O/I., and 
each of these was presented, unknown to the subject, six times, in a 
randomized order. The subject was required to signal detection of the 


4, impedance. At each presentation of an impedance, five breaths were 


allowed for detection. Five points were scored for a detection in the first 
of the five allowed breaths, and nil if the impedance remained undetected. 


Percentage detection was plotted against the value of the added elastance, — 
and also against peak inspiratory mouth pressure. From the graphs so_ 
_ obtained, the values of added elastance and of peak inspiratory pressure 


which were detected on 50% of occasions (‘50% detection levels’) 
were calculated. Six subjects were each studied twice, at intervals from 
2-5 weeks. 

The mean 50% detection level of elastance was 2-47 cm H,O/I. 
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(s.D. 0-408; » = 12). There was no significant difference between the 
average values for the first and second studies. Similar, or greater, values 
of increased elastance (decreased compliance) of the lungs occur in 

The mean 50 % detection level for peak inspiratory pressure at the mouth 
was 1-78 cm H,O (s.p. 0-576; n = 12). There was a significant average 
decrease (0-5 cm H,O; s.p. 0-108) between the first and the second study. 
This was associated with a corresponding reduction in average tidal volume. 

When the tidal volumes were increased by the addition of a dead space 
of 800 ml. the percentage detection rate of added elastance was increased 
in most, but not all, subjects. 

The tidal volume was not significantly changed in those breaths ihcing 
which added impedance was detected. The results are most easily explained 
by the presence of a mechanism which, during the course of each breath, 
correlates changes of trans-thoracic pressure with changes of thoracic 
volume (or, changes of muscle tension with changes of muscle length). 


The thickness of the arterial wall. By D. H. Bercgrx. Department 
of Physiology, St Bartholomew’s Hospital Medical College; London, 
EC.1 


The ratio of the wall thickness to the radius of an artery appears as one 
of the factors determining pulse wave velocity in the Moens-Korteweg 
equation. It has been shown repeatedly that this velocity increases 
towards the periphery, and it has been thought that this is largely due to 
an increase in relative wall thickness in the smaller vessels. 

When an artery is removed from the body it shortens or retracts; this 
will alter the wall thickness, as will the collapse following removal of 
distending pressure. It follows that when measurements are made on 
isolated arteries both factors must be considered. Hiirthle (1920) appears 
to be the only worker whose results are acceptable on this account. He fixed 
arteries in situ at a pressure of 130 cm H,O and made measurements on cut 
sections, and reported a constant value for the ratio h/R, x 100 (h = wall 
thickness, Ry = external radius) of 15 for the whole arterial system, with 
the exception of the aortic root where it was 16-20. However, his 
results derive almost entirely from one dog, for the method is difficult and 
tedious. A different approach has been used here, which is based on the 
fact that the arterial wall does not change in volume when stretched 
(Lawton, 1954); thus the wall thickness of a cylindrical vessel may be 
calculated from its external dimensions. 

Using dogs’ arteries the retraction on excision was determined and the 
volume measured by Archimedes’s principle. The apparatus previously 
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described (Bergel, 1958) was used in which the vessel was extended to its 
in vivo length and the radius measured photo-electrically at any internal 
pressure. The calculated relative wall thicknesses at 100 mm Hg pressure 
for the four types of vessel studied were, thoracic aorta 10-5 + 0-46 
(s.£.M.) (n = 15), abdominal aorta 10-5+0-61 (nm = 9), femoral artery 
11-540-56 (m = 11) and carotid artery 13-24+0-75 (mn = 13). A few 
specimens were later fixed under pressure and sectioned. Measurements 
on these confirmed the calculated values. _ 

It can be seen that the arterial wall is rather thinner than was found by 
Hiirthle (1920), and that there is a slight increase in wall thickness in the 
smaller vessels, but this would only account for some 10 °% increase in the 


pulse wave velocity from the aorta to the carotid. Shortening varied from 


31-9 to 42-0 %, for different types of artery and is large enough to demand 
consideration in any study of the properties of excised vessels. 


REFERENCES 


Bergel, D. H. (1958). J. Physiol. 141, 22-23 P. 
Hiirthle, K. (1920). Pfliig. Arch. ges. Physiol. 183, 253-270. 
Lawton, R. W. (1954). Circulation Res. 2, 344-353. 


Observations on 24-hour oxygen consumption and CO, excretion 
during carbohydrate feeding. By B. Furnass*. The Medical 
Unit, Middlesex Hosmtal, London, W. 1 


Kekwick & Pawan (1957) observed different rates of weight loss in tiiae 
subjects fed on 1000-calorie high fat and high carbohydrate diets. Estimates 
of energy exchange on a time-motion basis, with the integrating motor 


- pneumotachograph devised by Fletcher & Wolff (1954), detected no 


significant difference in calorie expenditure between the two diets based 
on the classical combustive theory of energy expenditure: These studies 
revealed, however, an estimated 24 hr respiratory quotient during carbo- 
hydrate feeding which was lower than that expected on the combustive 
theory, a finding in accord with the observation of Hagedorn (1928) of low 
basal respiratory quotients in obese patients fed on high carbohydrate 
diets. 

In order to pursue these observations a respiratory helmet was devised 
for the accurate measurement of total pulmonary 24 hr oxygen consump- 
tion and CO, excretion (Furnass, 1959). Subjects were fed for a pre- 
liminary 4 days on a 2500-calorie 80% carbohydrate diet in the hope of 
saturating their body glycogen stores. On the day of study 270 g (ca. 1000 
calories) of anhydrous dextrose dissolved in lemon juice was given by tube 


* At present holding a grant from the Medical Research Council. 
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through the respiratory helmet, the last portion being administered 14 hr 


before the end of the experiment. As a control 1000 calories of cream were 
similarly given. 

Assuming total assimilation and non-storage of administered dextrose 
the findings in several subjects indicated a 24 hr non-protein respiratory 
quotient lower than that expected on the classical theory of indirect 
calorimetry, whereas fat feeding resulted in a quotient in the region of 0-7 
in accordance with the theory. When computations were made in terms 
of element balance, it appears that up to 50 g per day of oxygen consumed 
may not have been used for combustion in the accepted sense of the word. 

These observations are compatible with the hypothesis that unexpectedly 


low respiratory quotients may represent the combination of some absorbed 


oxygen. with hydrogen atoms in depot fat thereby resulting in desaturation 
of the fat with change in its physical properties. In effect this would lead 
to a conservation of body carbon and body heat relative to each unit of 
oxygen absorbed. 

It is suggested that such a mechanism could reflect a process of adapta- 


tion to the external environment, a possibility that cannot be detected by 


applying the commonly accepted concepts of indirect calorimetry. 


| REFERENCES 
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Cutaneous vasomotor nerves in the human ear and forehead. 


By R. H. Fox, R. Gotpsmira and D. J. Kipp. Division of Human 
Physiology, National Institute for Medical Research, London, N.W. 3 


Experiments were performed to determine the type of vasomotor control 
in the pinna of the ear and the forehead—two areas of the skin of the head 
which show a marked contrast in sweat rates. The subjects were seven fit 
male adults. They were seated in a stirred and temperature-controlled 
water-bath and the blood flow through one forearm was measured by 
venous-occlusion plethysmography with the method described by Edholm, 
Fox & Macpherson (1956). 

Two specially designed surface calorimeters were developed to detect 
changes in the rate of blood flow through the skin of the ear and forehead. 
The calorimeters were placed symmetrically on the two sides of the head, 
either near the middle of the forehead or on the upper part of the medial 
surfaces of the pinnae. The effects of blocking the cutaneous nerve supply 
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to one ear or half of the forehead on the vasodilatation and vasoconstric- 
tion of body heating and cooling were then observed. In separate experi- 
ments sweat rates from these two areas were measured. 

During indirect body heating there is a large vasodilatation in the pinna 
_ of the ear which coincides approximately with the vasodilatation in the 
forearm skin. The vasomotor control of the ear is similar to that of the 
hand, being principally mediated by a vasoconstrictor release mechanism. 
In the forehead the results indicate predominantly an active vasodilator 
mechanism, as is found in the skin of the forearm, with also probably a 
small component of vasoconstrictor release. The association of a vaso- 
constrictor release mechanism in the skin of the ear, where there is little 
sweating, and of an active vasodilator mechanism in the skin of the fore- 
head, where there is profuse sweating, is in agreement with the hypothesis 
that bradykinin-forming enzyme released from the sweat glands may be 
_ responsible for the active in human skin (Fox & Hilton, 


1958). 
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- Auditory cortex of the seal (Phoca vitulina). By Ann M. ALpERson, 
E. Diamantoroutos and C. B. B. Downman. Royal Free Hospital 
School of Medicine, London, W.C. 1 


The rapid contractile properties of isolated large mammalian 
arteries. By C: J. Dickinson. The M tddlesex Hospital Medical 
School, London, W. 1 


Noradrenaline as a possible regulator of heat production in the 
new-born kitten. By R. E. Moort and Mary C. UNDERWOOD. 
Department of Physiology, Royal Free Hospital School of M — 
London, W.C.1 


It has been shown (Moore & Underwood, 1959) that the oxygen con- 
sumption of the new-born kitten can be markedly reduced by hexametho- 
nium, the effect declining with age over the first few weeks after birth. 
The suggestion was made that the response meet be due to removal of an 
existing chemical stimulus. 

A preliminary test of this hypothesis has been made on unanaesthetized _ 
kittens aged 0-37 days by subcutaneous injection of adrenaline (Ad) and 
noradrenaline (NAd) using oxygen consumption and body temperatures as 
. indicators of response. Although the precise conditions have not yet been 
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defined, it is evident that NAd can produce a powerful and prolonged 
stimulation of heat production; Ad being relatively inactive. In no instance 
out of eight experiments did Ad in doses of 100-1000 ng/kg cause more than 

a 20% increase of oxygen consumption and that short-lived, whilst in 
otuatian doses N Ad in eight instances peoduoed: increases of 30-100 % lasting 
an hour or more. 

The NAd stimulus was not always effective even in high doses, but where- 
as saline control or Ad injections caused no more than small and transitory 
disturbances, N Ad on most occasions produced quite a dramatic increase in 
metabolism. Favourable experimental conditions for the response were a 
high environmental temperature (35°C) and the period of post hexa- 
methonium depression at a lower temperature (30° C); in the latter case, 
however, only before the depression had become too severe. 

In one experiment with an indwelling intravenous catheter in a 150 g 
| 2$-day-old kitten, 20 ug NA infused over 20 min reversed the fall in 

oxygen consumption initiated by hexamethonium with a latency of only 
a matter of 1-3 min. : 
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The influence of progesterone on placental development in the rat. 
By J. F. D. Frazer, A. St G. Huacerr, Jonzs, J. Ler 
and J. J. Prrronarp. Department of Physiology, St Mary’s Hospital 
Medical School, London, W. 2 
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A model circulation with variable stroke-volume, built from simple 
components. By J. A. C. Knox. Department of ee Queen 
Elizabeth College, London, W.8 


- Collagen in coelenterates. By G. Carman. Department of Physiology, 
| Queen Elizabeth College, London, W. 8 


The rapid action of curare on the perfused rat diaphragm 
preparation. By B.C. WHaLER. Department of Physiology, Queen 
Elizabeth College, London, W. 8 


Some properties of the perfused rat diaphragm. By B. C. WHALER. 
Department of Physiology, Queen Elizabeth College, London, W.8 


The rat diaphragm preparation (Biilbring, 1946) shows a fall in twitch 
tension and increased resting tension when stimulated at rates much 
greater than 12/min, which is probably due in some part to deficient 
oxygenation of the central muscle layers (Creese, Scholes & Whalen, 1958; 
Creese, Hashish & Scholes, 1958). The use of the perfused diaphragm offers 
the possibility of reducing these effects. 

Hemidiaphragms, prepared for retrograde venous perfusion by a method 
similar to those given by Burgen, Dickens & Zatman (1949) and Brownlee 
& Straughan (1957) have been used and their responses to stimulation 
at fast (50/sec, medium (5/sec) and slow (3-12/min) rates tested. Indirect 
stimulation was used in all experiments. They were set up, in Krebs’s 
bicarbonate saline, in 50 ml. organ baths so that they could either be 
perfused or treated as ordinary non-perfused preparations. Kach one 
could therefore serve as its own control. The efticiency of perfusion was: 
determined in the following way.. Perfusion was stopped and tubocurarine 
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2-4 ng/ml. added to the bath fluid, to produce complete neuromuscular 
block. In satisfactory preparations perfusion with curare-free fluid pro- 
duced a rapid and fairly complete reversal of the block even though curare 
was still present in the bath fluid. 

Perfusion considerably reduced the fall in twitch tension which the 
ordinary preparation shows after indirect stimulation at 300/min for 15 min. 
A full tetanus was better sustained by perfused preparations. These were 
able to maintain a tension 30-60 % greater than that given under control 
conditions, although the maximum initial tension developed was not very 
different. After a tetanus, the response of the perfused muscle to slow 
stimulation showed a better recovery and a smaller reduction in amplitude 
compared with the pre-tetanic twitch. 


REFERENCES 


Brownlee, G. & Straughan, D. W. (1957). J. Physiol. 136, 6P. 

Biilbring, E. (1946). Brit. J. Pharmacol. 1, 38. 

Burgen, A. 8. V., Dickens, F. & Zatman, L. J. (1949). J. Physiol. 109, 10. 
Creese, R., Hashish, 8. E. E. & Scholes, N. W. (1958). J. Physiol. 143, 307. 
Creese, R., Scholes, N. W. & Whalen, W. J. (1958). J. Physiol. 140, 301. 


The secretion of acid by Nepenthes. By SHELAGH M. MorriIssry. 
Department ef Physiology, Queen Elizabeth College, London, W. 8 


Some interesting analogies with the mammalian stomach are provided by 
the pitcher plants. For example, the tropical insectivorous plants of the 
genus Nepenthes are characterized by pitchers secreting a juice having 
proteolytic activity. These pitchers have glandular and non-glandular 
regions, the Juice being secreted in the basal part which is lined with 
glands. 

When the pitcher opens the pH of the secretion falls, and this fall in 
pH is probably due to the secretion of HCl. At this stage Gunzberg’s test 
is positive. When histamine is injected into the pitcher (mean concen- 
tration 1 pg/ml. of juice, range 114 to 0-01 ug/ml.) a fall in pH can be 
induced. Because the pitcher will secrete acid in response to histamine it 
was decided to look for a similar compound in the pitcher tissue. 

Extracts from glandular and non-glandular tissue were obtained by using 
n/3-HCI, trichloroacetic acid, or acetone as extractants. The majority of the 
extractions were made with n/3-HCl. When these extracts were neutralized 
before assay, a precipitate appeared which contained almost all the active 
substances. Assay of the extracts on the dorsal muscle of the leech showed 


the presence of an acetylcholine-like compound. This activity was partly 
abolished by blood esterases. 
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On atropinized guinea-pig’s ileum the contractions obtained with 
glandular extract were abolished by mepyramine (mean dose of 0-1 yg 
mepyramine in a 20 ml. bath). This would appear to indicate the presence 
of a histamine-like substance. Preliminary results from chromatographic 
_ analysis of glandular extracts indicate that a compound is present having 
_ R, values similar to those of histamine. 

Assay of non-glandular extracts showed that in all cases the amount of 
histamine-like substance present was much less than in glandular extracts. 


The thiamine-sparing activity of sorbitol and other polyhydric 
alcohols. By T. B. Morean and J. Yupxin. Department of Nutrition, 
Queen Elizabeth College, London, W. 8 


We have shown that rats and mice are able to survive on a thiamine- 
deficient diet if this contains sorbitol (Morgan & Yudkin, 1957). Of several 
other polyhydric aleohols and carbohydrates studied, only sorbose was 
found to replace sorbitol in this respect (Hedley & Yudkin, 1959). We have 
now extended this investigation and find that inositol, arabitol and penta- 
erythritol also have the thiamine-sparing activity of sorbitol and sorbose. 
With thiamine-deficient diets containing no carbohydrate, and 5 % of each 
of these substances, rats continued to grow and thrive throughout the 
3 months of the experiments. 

These substances seem to produce their sparing effect by inducing 
synthesis of the thiamine in the alimentary canal. However, the thiamine 
is not available to the animals by absorption immediately after synthesis, 
but only after excretion in the faeces and subsequent coprophagy (Morgan 
& Yudkin, 1959). Thus, rats fed a thiamine-free diet with sorbitol will 
begin to lose weight when prevented from having access to their faeces. 
The specificity of the effect was confirmed by measuring the heart rate of 
the rats fed a thiamine-free diet with sorbitol. Prevention of coprophagy 
led to the typical bradycardia of thiamine deficiency. Feeding the faeces 
to such an animal led to an increase in the heart rate to normal values, in 
the same way as giving a small dose of thiamine. 
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The rate of uptake of carbon monoxide and oxygen by reduced 
human and sheep erythrocytes. By J. A. SIRS. Department of 
Colloid Science, University of Cambridge 


A stopped- -flow method based on the principles of Roughton (1934) and 
Chance (1940) has been developed for measurements on intact red cells. 
A linear relationship was found between the rate of uptake and concen- 
tration of dissolved gas, and the rate is independent of cell concentration, 
in agreement with the theoretical model proposed by Roughton (1932) and 
Nicolson & Roughton (1951). 

Temperature variation. Aninvestigation has been made of the effect, on the 
rate of uptake of CO and O, by reduced sheep erythrocytes, of temperature 
over the range 5-37° C. The diffusion through the membrane appears con- 
sistent with a mechanism of bulk transport, rather than by pores, and energies 
of activation for the process are calculated as 4350 cal/mole for oxygen and 
5860 cal/mole for carbon monoxide, within an accuracy of + 20%. 

Ionic strength and pH effects. Measurements have been made of the 
effect of variation of the ionic strength on the rate of uptake of CO and O, 
by reduced sheep and human erythrocytes. Cyclic variations of the rate 
of uptake with decreasing and increasing ionic strength are observed and 
a non-linear relationship of rate with gas concentration occurs in non- 
isotonic media. By addition of an equivalent molar quantity of sucrose 
similar changes can be produced. The predominant factor is thus associated 
with volume-shape changes, rather than direct action of the ionic media. 

Similar results, due to the volume—shape changes produced, are found 
with variation in the cell pH. An optimum rate of uptake occurs at pH 7-4. 

Metabolic considerations. The initial rate of uptake of oxygen by reduced 
sheep erythrocytes, measured within 3 hr of collecting the blood sample, 
was found to be considerably higher at room temperature than the values 
observed in the preceding experiments, which were outside this limit. 
No similar effect was observed with carbon monoxide, unless oxygen was 
also’ present. A decay curve of the initial rate with time, obtained on 
human erythrocytes, indicates that the cells reach a passive level within 

2 hr, at room temperature and in the absence of oxygen. The process is 
inhibited by NaF and no advantage was obtained on suspending the cells 
in their own plasma, rather than Ringer—Locke solution. An analysis of 


the results suggests that the membrane permeability is increased by cell 
metabolism. 
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Effect of physical training on the physical fitness of women students. 


By A. W. Stoan. Department of: and 
University of Cape Town 


_ Regular physical training has been found to increase physical fitness as 


estimated by exercise tolerance tests. One such test, the Harvard step 
test (Broulia, Graybiel & Heath, 1943), gives a useful indication of the 
capacity of healthy subjects for strenuous physical work. Fitness is 
expressed as an index (F.1.), which depends directly on the period of exercise 
and inversely on the pulse rate thereafter. Originally designed for men 
the test is modified for women by lowering the height of the step (Hardy, 
Clarke & Brouha, 1943). 

To ascertain the effect of different amounts of physical training on the 


ability of young women to perform this test, four groups of student- 


teachers at Cape Town Training College were tested at the beginning of 
the school year and again 4 and 9 months later. One group, students of 
physical education, had a strenuous programme of gymnastics, dancing 
and games. Students of infant-school teaching and some students at- — 
tending a general course had much less physical training; a fourth group 
of students had none at all. 

As well as the F.1. estimation the resting pulse (R.P.) of each student was 
counted, usually on a different day from the step test. Each student’s 
height and weight was measured and she was asked whether she was 
menstruating at the time of the test. 

At the beginning of the investigation the students who were about to 
specialize in physical education had already a higher F.1. than any of the 
other groups. After approximately 4 months of the various courses the 
physical education students had a significantly higher F.1. than at the first 


_ set of tests; this improvement was maintained without further significant 


change over the next 5 months. No other significant changes in F.1. 
occurred but, by the end of the first 4 months, there was a significant 
difference in ¥.1. between the general course students who did gymnastics 
and those who did not; this difference was maintained at the later tests. 
- As in a previous investigation on men (Keen & Sloan, 1958) there was no 


_ significant correlation in the group as a whole between F.1. and either height — 


or weight. There was no consistent correlation between F.I. and R.P. and 
there was no evidence that menstruation had any effect on the F.1. 
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Observations on the formation of kinins in human plasma collected 
during labour. By Dexsméz Armstrone, C. A. KEELE and 
J. W. Srewart. The Middlesex Hospital Medical School, London, W. | 


The formation of kinins in the plasma of women, shortly before, during and 
after labour, was studied by using the following procedures, or materials, for 
activation : exposure to glass (Armstrong, Jepson, Keele & Stewart, 1957); 
dilution (Schachter, 1956); human urine (cf. Gaddum & Horton, 1959); 
human plasmin (Armstrong e al. 1957; Lewis, 1958); disodium edetate 
or ¢-amino caproic acid (Armstrong, Keele & Stewart, unpublished 
observations). 

‘Cell-free, pre-active’ heparinized plasma (Armstrong et al. 1957) was 
prepared from blood collected from the antecubital vein, and ered at 
— 20° C until required for testing (usually 1-10 days). 

Quantitative measurements of kinin: production were made. by the 
isolated rat uterus technique. The activity in samples of the mother’s 
plasma collected in the immediate antenatal and post-natal period was 
compared with that of samples collected ome labour, and with a normal 
control. 

Our results indicate that kinin production in plasma from ea ceant 
women is normal until the commencement of labour, when it begins to 
decrease, reaching its lowest values around the end of the second stage; 
thereafter, the ability to form kinins returns. In some cases normal values 
were obtained at 4 hr post partum, whilst, in others, somewhat low values 
persisted in samples collected at 1 or 2 days post partum. 

Out of 20 mothers whose plasma was collected at the end of the second 
stage of labour 17 gave low values for kinin production. Quantitative 
measurements indicated that in at least ten of these kinin production was 
below 10% of the normal and in four it was well below 5%. 

No evidence for the presence of an inhibitor of the rat uterine response, 
of increased kinin destruction, or for the presence of a blocking agent for 
the kininogen has been found in the plasmas. ‘Contact factor’ (Margolis, 
1958) production was not deficient. The poor kinin formation appears to 
be due to a deficiency of the substrate from which the kinins arise, and not 
to any defect of the activation system. 

We have considered, and excluded, the effects: of starvation, and of 
drugs used in the course of labour (e.g. pethidine, nitrous oxide, ergo- 
metrine) as possible causes of the substrate defects. We have not induced 
the defect by severe exercise, by adrenaline infusion or by corticotrophin 
administration in non-pregnant women. 

The physiological significance of the findings is not known. 
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The formation of plasma kinin by the action of human plasmin 
on human plasma. By V. E1sEn and C. A. Krxeiz. Department of 
Pharmacology, Middlesex Hospital Medical School, London, W. 1 | 


_ When applied to an exposed blister base in human skin, a preparation of 
_ human plasmin -(Thrombolysin, Merck) in a concentration of 0-1-1 mg/ml. 
‘in physiological saline produced pain. A single application desensitized 


the area to subsequent applications. Administration of 1 mg of plasmin 
to a5 ml. bath caused saeaeiie tia 20 sec) rhythmic contractions of the 
isolated rat uterus. 

The addition of human plasmin to oxalated or heparinized Sodnan aise 


which had not been in contact with glass (‘intact’ or ‘pre-active’ plasma) 


caused the rapid appearance of large amounts of plasma kinin, detected 
by the production of pain and by contraction of the rat uterus (latent 
period 5-10 sec)..When the final concentration of plasmin in plasma was 


—T mg/ml., plasma kinin was detectable in 0-1 ml. of the mixture. within 


15-30 sec; its concentration was quite high at 2 min and reached a peak at 
about 5 min; the concentration then fell to low values at 20--30 min. This 
plasma kinin production was inhibited by the soya bean trypsin inhibitor 
(2 mg/ml.). 

When plasmin was added to plasma which had previously been shaken 
with glass ballotini to remove component B (Margolis, 1958) the developed 


_kinin concentration was only }-/5 of that produced in intact plasma. 
_ Conversely, prior treatment of plasma with plasmin greatly reduced kinin 


formation by subsequent contact with glass. In concentrations. of 0-1- 
1 mg/ml., plasmin forms plasma kinin mainly by reacting with component B 
which is also essential for activation by glass. The reaction with component B 
might be direct or through activation of component A (Margolis, 1958). 
The action of human plasmin on intact human plasma is as rapid as 


that of glass (Armstrong, Jepson, Keele & Stewart, 1957) and we would 


therefore describe plasmin as a quick-acting plasma-kinin-forming enzyme 
(cf. Lewis, 1958, 1959). 

The threshold concentration of plasmin for the formation of plasma 
kinin in intact plasma is about 0-05-0-1 mg/ml. It is presumed that lower 
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concentrations cannot overcome the inhibitory effects of the anti-plasmin 
which occurs in plasma. 


One of us (V. E.) is working on a grant from the Empire Rheumatism Council. We are 
grateful to Dr J. J. F. Merry of Merck, Sharp and Dohme Limited for helping us obtain 
samples of Thrombolysin. 
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The cutaneous vasomotor control in the human nose, lip and 
chin. By R. H. Fox, R.Gotpsmirnand D.J. Kipp. Division of Human 
Physiology, National Institute for Medical Research, London, N.W. 3 


It has previously been shown that the vasodilatation in the ear accom- 
panying body heating is produced by inhibition of vasoconstrictor tone, 
whereas in the forehead it is mainly the result of an active vasodilator 
mechanism (Fox, Goldsmith & Kidd, 1960). In the presént experiments, 
with similar techniques, the study has been extended to investigate the 
mechanisms in the nose, glabrous portion of the lip, and the chin. In 
addition, experiments have been performed to see whether gustatory 
sweating of the face is attended by a cutaneous vasodilatation. 

The subjects were three fit, male adults. Forearm blood flow was 
measured by venous-occlusion plethysmography, and two surface calori- 
‘meters were used to detect changes in the rate of blood flow through the 
skin of the face. The calorimeters were placed symmetrically on the two 
sides of the face, and the effects of blocking the cutaneous nerve supply 
to one side of the face on the vasodilatation and vasoconstriction accom- 
panying body heating and cooling were then observed. The gustatory 
response was investigated in experiments in which a calorimeter was 
placed on one side of the forehead, cheek near the nose, or chin, with a 
sweat-collecting capsule placed symmetrically on the other side. The 
effects on sweat production and skin blood flow of chewing chillies were 
observed. 

The results show that release of vasoconstrictor tone is the Siestnant 
mechanism in the vasodilatation of the glabrous portion of the lip. The 
release of vasoconstrictor tone also plays an important part in the vaso- 
motor control of the skin of the nose. 

The skin of the chin, distant from the lower lip, is like that of the fore- 


head and forearm in having a dominant active vasodilator mechanism 
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and only a small component of control by release of vasoconstrictor tone. 
Gustatory sweating of the chin, cheek and forehead elicited by chewing 
chillies is accompanied by a cutaneous vasodilatation, a finding which is 


_ in agreement with the prediction of Fox & Hilton (1958). 
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The effect of changes in blood flow on the calibre of large arteries. 
By J. L. D’Stiva and R. F. Fovcns. ne of Radiology and 
Physiology, London Hospital, London, EH. \ 


It is not. uncommon in clinical practice to find abnormally wide arteries 
supplying lesions associated with an increased blood flow. This com- 
munication concerns the effect of changes in blood flow on the calibre of 
the femoral artery and its large branches. The observations were made on 
cats anaesthetized with Nembutal (pentobarbitone; Abbott Laboratories) ; 
the calibre of the arteries was shown by angioradiography. Changes in flow 
were produced in one limb, the other acting as a control, and variations 
in flow were produced by two different methods: 

(1) Repeated contractions of the calf muscles were used to produce 
hyperaemia. Direct muscle stimulation was found to be preferable to 


_ sciatic nerve stimulation as the latter produced narrowing of arteries in 


the contralateral leg unless the nerve was cut and the stimulus applied to 
the peripheral end. The parameters used increased the flow from the 
femoral vein two- or threefold. 

(2) A connexion was made between the anterior tibial artery of one leg 
and a vein of the other leg, a tap in the circuit permitting the arterio-venous 
(A-V) fistula to be opened or closed. Precise measurements of flow were 
not made but flow was probably increased several fold with the tap open. 
Neither method was associated with any significant change in carotid 
artery blood pressure. — 

The results of both types of experiment demonstrated widening of large 
arteries with increased flow and narrowing with decreased flow. During 
exercise hyperaemia the femoral artery widened by about 30%, whereas 
small muscular branches more than doubled in calibre and many arterial 
channels, previously invisible, became visible. 

With the A-V fistula open the femoral artery widened by about 30%. 
The increase in calibre was confined to the femoral and popliteal arteries 
and the segment of the anterior tibial artery proximal to the fistula. None 


&, 
“it 
| 
fa 
n 
: 
i 
? 


24P PROCEEDINGS OF THE PHYS. SOC., 16 JAN. 1960 


of the other branches of the femoral artery appeared to be affected. The 
changes in calibre occurred within a few seconds of the change of flow. 

The changes in calibre of arteries during exercise hyperaemia confirm 
previous observations (Hilton, 1956, and others). These workers suggested 
that the calibre change was produced by muscle metabolites initiating an 
axon reflex, but it seems unlikely that this is the explanation of the vaso- 
dilatation associated with an open A—V fistula. In this case, the change in 
flow itself may have been the stimulus for change in calibre. If this is so, 
the change in calibre associated with exercise hyperaemia may have been 
produced similarly. 

REFERENCE 
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Plasma kinins, labour effect on (man), 20 P 

Plasma noradrenaline, diffusion respira- 
tion effect on (dog), 79 

Plasmin, plasma kinin formation by action 
on plasma of (man), 21 P 

Post-synaptic folds, fine structure of 

degenerated end-plate and (frog), 161 

Post-tetanic potentiation, splanchnic 
nerve non-myelinated fibres activation 
of intercostal nerves showing (rabbit), 
47} 

Preganglionic sympathetic activity, re- 
serpine action on (cat), 114 

Pregnancy, blood clotting factors in foetus 
and mother with duration of (sheep), 
609 


Procaine, phenol comparison in nerve . 


blocking with (cat), 576 
Prothrombin time, foetus and mother 
3 comparison of (sheep), 610 

Pulmonary artery, baroreceptors in (dog), 
319 


Kenshaw cells, acidic amino acids activa- 
tion of (cat), 667 


Reserpine, metabolic rate affected by (rat), 
6 


preganglionic sympathetic activity af- 

fected by (cat), 114 

Residual saliva, source of (sheep), 521 

Respiration, sensitivity to added external 
elastic impedance to (man), 9P 

Respiratory quotient, foetal (fowl), 246 

Retinal illumination, after-effects of 
white light (man), 70 

Retinal stimulation, single unit recording 
in lateral geniculate body and optic tract 
in conscious animal following (cat), 91 

Ruminant salivary secretions (calf, 
sheep), 515 


Salivary glands, distribution and “_— 
of (calf, sheep), 517 

Sarcomere, “C-adenine nucleotide loca- 
tion in (frog), 356 

Schwann cell, degenerated end-plate and 
(frog), 161 

neuromuscular junction fine structure and 

(frog), 136 


Secretion, pancreas blood content affected 


by (cat), 482 


Sensitization, active and passive (guinea- : 


pig), 559 
Sensory discharge facilitation, fusimotor 
frequency of stimulation effect on (cat), 
189 
Skeletal muscle, adenine nauiceubiti loca- 
tion in (frog), 347 
differentiation of fast and slow (cat), 399 
glucose and insulin effect on blood flow 
and metabolism of (rat), 593 
neural influence on speed of contraction 
of (cat), 426 
Skeletal muscle fibres, spontaneous acti- 
vity in (chick), 707 
Skeletal muscle speed, motoneurone 
effect on (cat), 417 
Skeletal muscle twitch, back response of 
motor nerve fibres effect on (cat), 332 
Skin, antigen-antibody reactions in (rat), 
489 
Skin cooling, non-myelinated fibres in 
signalling of (cat), 266 
Sleep, geniculate body single unit activity 
during (cat), 96 
Slow muscles, differentiation after birth 
of (cat), 399 
innervation from fast muscle nerve effect 
on speed of (cat), 418 
Sodium, hydrazine effect on cell membrane 
excitability in absence of (frog), 440 


Sodium depletion, saliva composition 


affected by (sheep), 529 
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Sorbitol, thiamine-sparing activity of 
other polyhydric alcohols and (rat), 
17P 

Spinal cord transection, differentiation 
of fast and slow muscles affected by 
(cat), 406 

Spinal motoneurones, potential fields 
initiated during monosynaptic activa- 
tion of (frog), 633 

Spinal neurones, chemical excitation by 
acidic amino acids of (cat), 656 

synaptic action during and after repeti- 
tive stimulation of (cat), 374 . 

Spinal reflex, splanchnic nerve non-mye- 
linated fibres activation of intercostal 
nerves via (rabbit), 466 : 

visceral afferent nerve stimulation effect 
on (cat), 105 

Splanchnic nerve, reflex activation of 
intercostal nerves by non-myelinated 
fibres in (rabbit), 463 

Stress, blood corticotrophic activity after 
adrenalectomy affected by (rat), 688 

Subarachnoid space, passage of circu- 
lating adrenaline into (cat), 34 

Submaxillary saliva, secretion rate and 
composition of (calf, sheep), 520 

Sympathetic afferent nerve fibres, mono- 
synaptic and polysynaptic reflex re- 
sponses affected by stimulation of (cat), 
105 


Sympathetic ganglion, Factor I and y- 


amino-butyric acid effect on response 
_ to stimulation of (rabbit), 314 
Sympathetic stimulation, noradrenaline 
action on (dog), 295 


xviii SUBJECT INDEX 


Synaptic potentiation, conditioning teta- 
nus to spinal neurones inducing (cat), 
383 

Synaptic stimulation, effect of repetitive 
(cat), 378 


Temperature, passive sensitization affec-. 
ted by (guinea-pig), 548 

Thyrotropic hormone, heart work and 
size control by (rat), 254 

Touch, non-myelinated fibres signalling 
cold and (cat), 277 

Transaminase activity, perfused heart 
showing (rat), 621 

Traube waves, preganglionic sympathetic 
activity during (cat), 120 


Vasoconstrictor stimulation, noradrenal- 
ine effect on threshold of (dog), 

Vasopressin, water and electrolyte excre- 
tion affected by (man), 284 

Ventral root response, lateral column 
and dorsal root -stimulation effect on 
(frog), 634 

Visceral afferent nerve fibres, mono- 
synaptic reflex responses affected by 
stimulation of (cat), 105 


Water diuresis, oxytocin, vasopressin and 
phenylalanyl*-oxytocin, 
(man), 287 

White light, after-effects of stirnulation by 
(man), 67 

Wireless telestimulator, constant stimuli 
to cortex by (cat), 1P 


effect on 
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